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GENERAL INTRODUCTION 
Soil, one of our most important natural resources, has been damaged by erosion 
and agricultural practices (Knuti et al., 1979). We must improve soil management if we 
are to sustain a productive and profitable agriculture (Erbach, 1989). 
Tilth has been a qualitative term describing the physical state of the soil. It 
indicates the ease of tillage, seedbed preparation, seedling emergence, and root growth 
(SSSA, 1979; Hillel, 1982; Brady, 1984; Plaster, 1985). In fact, tilth represents a 
combination of physical properties, including, texture, structure, strength, organic matter, 
and consistency. It is a variable characteristic and thus subject to natural change as well 
as to modification by artificial means such as plowing and cultivation (Brady, 1984). The 
processes affecting tilth are poorly understood, and consequently, developing management 
practices to create desired soil conditions is difficult (Karlen et al., 1990). 
Soils in good tilth are granulzu" with stable soil aggregates. Such soils resist 
compaction, absorb water readily and store it for later plant use. Therefore, good soil 
tilth helps prevent erosion, floods, and stream siltation. Soils in poor tilth crust and 
compact easily, resist water intake, and induce runoff and erosion. Poor soil tilth 
frequently reduces crop yields by preventing plants from using the nutrients and soil 
moisture present (Erbach, 1989), 
Tillage, which generally improves tilth over the short term because it improves 
soil-air-water relations for plants, is one of the primary processes that causes 
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deterioration of tilth over the long term because it increases the rate of organic matter 
oxidation (Karlen et al., 1990). 
Time affects soil tilth because of the dynamic interactions among the physical, 
chemical, and biological processes creating or sustaining tilth (Karlen et al., 1990). 
Implementing management practices such as conservation tillage will often create a new 
soil tilth condition if practices are used long enough to establish new equilibriums within 
the soil matrix (Bauer and Black, 1981; Bauder et al., 1981; Voorhees, 1983; Voorhees 
and Lindstrom, 1984). 
Plant growth can be used as an indicator of soil tilth because it integrates the 
effects of crop, soil, and microenvironment (Karlen et al., 1990). Plant selection can 
influence soil tilth because some species can penetrate compacted soil layers, whereas 
others increase aggregate and macropore stability (Elkins, 1985). 
The assessment of soil tilth levels in farm situations is a challenging task requiring 
considerable effort and expertise. The problems that occur are ill structured requiring the 
use of factual, heuristic, incomplete, and uncertain information for their solutions. 
Farmers and farm managers face many such situations in tilth level assessment and often 
wise decisions have to be made within a short time. What is needed, therefore, is a tool 
to easily provide the expertise to farmers when needed. 
The use of an expert system is ideal for problem solving under such situations. 
Expert systems are computer programs designed to emulate the knowledge and reasoning 
processes that human experts would use to solve a problem in their field of expertise. 
3 
Diagnosing problems, selecting alternatives, and planning are some of the problem 
domains in which expert systems can be successfully used. 
The problem of tilth level assessment is a typical agricultural problem. Although 
an experienced person may tell by sight and feel if a soil is in "good" or "poor" tilth, no 
analytical procedure has yet been devised to quantify and measure it. In practice, tilth 
levels are often assessed using judgmental or subjective logic. Therefore, gaining a 
quantitative understanding of soil tilth and determining how it can be managed for 
optimum productivity are needed. Once the soil tilth condition is known, specific 
measures may be undertaken to improve or maintain the tilth. 
Reliable prediction of the effects of tillage and cropping sequences on soil tilth, 
and ultimately crop yield, would greatly benefit agricultural advisors and farmers in 
making better management decisions regarding tillage, crop rotation, fertilizer 
management, and yield goals on a farm-by-farm or field-by-field basis for sustaining a 
productive and profitable agriculture. The development of a knowledge-based decision 
support system can facilitate the solution of site-specific soil tilth problems and can be of 
great assistance to extension workers as well as farmers. With information gained from 
this research, persons engaged in planning and executing applied research in tillage and 
crop production may be encouraged to alter future research to include information helpful 
for understanding various aspects of the crop production process. 
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Dissertation Format 
This dissertation consists of two papers and a technical note. The first paper 
presents the development of a "tilth index" to quantify soil tilth, and field verification of 
the proposed tilth index. The second paper presents a knowledge-based decision support 
system for soil tilth assessment, based on the tilth index, to facilitate the solution of site-
specific soil tilth problems. The technical note presents the determination of the effect of 
two drying methods (oven and air) on the aggregate size distribution (mean weight 
diameter and uniformity coefficient) of the soil. 
Objectives 
This study was undertaken with the following general objectives: 
1. To develop a "tilth index" to quantify soil tilth, and to field 
verify the proposed tilth index. 
2. To design and develop a knowledge-based decision support system for soil 
tilth assessment, based on the "tilth index", to facilitate the solution of 
site-specific soil tilth problems. 
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SECTION I. TILTH INDEX: AN APPROACH TO QUANTIFYING SOIL TILTH 
6 
ABSTRACT 
Tilth is a qualitative term describing the physical state of the soil, A quantitative 
understanding of soil tilth would help scientists, engineers, and farmers. A 'tilth index' 
was developed to quantify tilth. Five soil physical properties (bulk density, cone index, 
uniformity coefficient, organic matter content, and plasticity index) were used in 
calculating the tilth index, ranging from 0 for conditions unusable by the plant to 1 for 
nonlimiting soil. 
Field experiments were conducted to determine the response of soil tilth and crop 
yield to different tillage systems and crop rotations near Ames, Iowa; and near Waseca, 
Minnesota. The fields had been managed with the same tillage and rotation treatment for 
the previous ten years at Ames and four years at Waseca. At Ames, in 1989, there were 
positive correlations (r^ = 0.78 and 0.86, respectively) between the tilth index (measured 
in July) and crop yield in continuous com and a corn-soybean rotation. In 1990, the 
effect of tillage systems on tilth index and crop yield was significant. The tilth index 
significantly changed during the cropping season. The tilth index was increased by tillage 
and planting operations and then decreased with time until harvest. Best correlations (r^ 
= 0.78 and 0.76, respectively) were obtained between crop yield and tilth index after 
disking in the corn-soybean rotation and after planting in continuous com. 
At Waseca, in 1989, the chisel plow system provided the highest tilth index and 
crop yield in both corn and soybean fields. The values of r^ between tilth index and corn 
yield were 0.74 and 0.75, respectively, for continuous corn and a corn-soybean rotation. 
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The values of between tilth index and soybean yield were 0.64 and 0.80, respectively, 
for continuous soybeans and a soybean-corn rotation. 
The tilth index was more responsive to tillage and provided better correlations 
with crop yield as compared to a modified productivity index. This was the first attempt 
to quantify soil tilth. The utility of the parameters selected should be further 
investigated. Other parameters or relationships have not been ruled out by this work. 
The relations were tested on a limited amount of data from two locations and should be 
used as an initial guideline. Attempts should be made to generalize the relations by 
extensive data collection over a wide range of soil and climatic conditions; and 
management practices. 
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INTRODUCTION 
Soil, one of our most important natural resources, has been damaged by erosion 
and agricultural practices (Knuti et al., 1979). We must improve soil management if we 
are to sustain a productive and profitable agriculture (Erbach, 1989). 
Tilth is a qualitative term describing the physical state of the soil. It indicates the 
ease of tillage, seedbed preparation, seedling emergence, and root growth (SSSA, 1979; 
Hillel, 1982; Brady, 1984; Plaster, 1985), In fact, tilth represents a combination of 
physical properties, including, texture, structure, strength, organic matter content, and 
consistency. It is a dynamic characteristic and thus subject to change due to natural 
forces as well as to modification by artificial means such as plowing and cultivation 
(Karlen et al., 1990). 
Fream (1890) illustrated the importance of soil tilth with a 17th century quote 
attributed to Thomas Tusser: "good tilth brings seeds, ill tilture weeds." Fream (1890) 
stated that being told that a soil is "open, free working, mellow, or in good heart", makes 
us feel good about it; but if a soil is "hungry, stubborn, stiff, cold, or unkind," we 
immediately perceive it as being nonproductive. Keen (1931) reviewed early 16th 
century writings by Fitzherbert, who described a method for determining whether soil 
was ready to plant. The method involved walking on the field: soil that made noise was 
too wet, whereas quiet soil that supported the horses was dry enough. 
Yoder (1937) stated that tilth is a blanket term describing the soil conditions 
determining the degree of fitness of a soil as an environment for the growth and 
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development of a crop plant. He stated further that soil with an ideal tilth should (i) offer 
minimal resistance to root penetration, (ii) permit free intake and moderate retention of 
rainfall, (iii) provide an optimal soil air supply with a moderate gaseous exchange 
between soil and atmosphere, (iv) hold to a minimum, competition between air and water 
for occupancy of the pore space, (v) provide maximal resistance to erosion, (vi) facilitate 
the placement and coverage of green manures and organic residues, (vii) promote 
microbial activity, and (viii) provide stable traction for farm implements. 
In a proposal prepared by Iowa State University for a National Soil Tilth Center, 
as quoted by Erbach (1989), soil tilth was described as, "a qualitative term used to 
describe soil conditions which relate to plant growth and water movement." Soils in 
good tilth are granular with stable soil aggregates. Such soils resist compaction, absorb 
water readily and store it for later plant use. Therefore, good soil tilth helps prevent 
erosion, floods and stream siltation. Soils in poor tilth crust and compact easily, resist 
water intake, and induce runoff and erosion. Poor soil tilth frequently reduces crop 
yields by preventing plants from using the nutrients and soil moisture present. 
Karlen et al. (1990) defined tilth as "the physical condition of a soil described by 
its bulk density, porosity, structure, roughness, and aggregate characteristics as related to 
water, nutrient, heat, and air transport; stimulation of microbial and microfauna 
populations and processes; and impedance to seedling emergence and root penetration." 
They also defined the new term 'tilth forming processes' as "the combined action of 
physical, chemical, and biological processes that bond primary soil particles into simple 
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and complex aggregates and aggregate associations that create specific structural or tilth 
conditions." 
Neill (1979) developed a soil "productivity index". Her model was based on the 
assumption that soil is a major determinant of crop yield because of the environment it 
provides for root growth (other factors being climate, management, and plant genetic 
potential). She considered available water capacity, bulk density, aeration, pH, and 
electrical conductivity as the parameters most influencing root growth. Each parameter 
was evaluated in terms of root response, and each soil layer was weighted according to 
an ideal rooting distribution. 
Pierce et al. (1983) modified the productivity index developed by Neill (1979) to 
include some additional concepts and to use the soil and land-use databases compiled by 
the Soil Conservation Service. The productive potential of soils was evaluated in terms 
of the environment they provided for root growth. Variables such as available water 
capacity, resistance to root growth and development, and adequacy of pH to a depth of 
100 centimeters were taken into account. 
Two proposed applications that may become feasible if soil tilth is quantified are 
the use of custom prescribed tillage (Schafer et al., 1985) and the development of tillage 
indices (Colvin et al., 1984) to schedule farming operations. 
Soil aggregation and organic matter changes were found to depend upon cropping 
treatment, as well as upon soil erosion (Wilson and Browning, 1945; Van Bavel and 
Schaller, 1950). Several studies evaluating the effects of tillage and cropping practices 
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on soil tilth (Slipher, 1932; Faulkner, 1943; Browning and Norton, 1947; Lyon et al., 
1950; Van Doren and Klingebiel, 1952; Klingebiel and O'Neal, 1952; Neal, 1953; and 
Melsted, 1954) found that under virgin conditions, the combination of structure, 
aggregation, organic matter content, and porosity resulted in nearly ideal soil tilth. The 
net effect of tillage practices, however, was decreased soil aggregation and organic matter 
content, and increased compaction and soil erosion; therefore, the result was reduced soil 
tilth. 
Soil compaction, aggregate stability, and structure influence tilth by affecting pore 
size distribution and thus soil aeration. Even small changes in these physical parameters 
can affect soil tilth by influencing soil microbial processes (Doran and Smith, 1987), as 
well as by changing infiltration and thus runoff or soil erosion (Foster et al., 1985). 
Time affects soil tilth because of the dynamic interactions among the physical, 
chemical, and biological processes creating or sustaining tilth (Karlen et al., 1990). 
Implementing management practices such as conservation tillage will often create a new 
soil tilth condition if practices are used long enough to establish new equilibriums within 
the soil matrix (Bauer and Black, 1981; Bauder et al., 1981; Voorhees, 1983; Voorhees 
and Lindstrom, 1984). 
Plant growth can be used as an indicator of soil tilth because it integrates the 
effects of crop, soil, and microenvironment (Karlen et al,, 1990). Plant selection can 
influence soil tilth because some species can penetrate compacted soil layers, whereas 
others increase aggregate and macropore stability (Elkins, 1985). 
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Although an experienced person may tell by sight and feel if a soil is in 'good' or 
'poor' tilth, there was no available method to quantify and measure it. Therefore, 
gaining a quantitative understanding of soil tilth and evaluating the effects of tillage 
systems, crop rotations, and seasonal variations on soil tilth were needed. 
Economic and social demands require that we maintain and/or increase crop 
production using the least costly inputs while minimizing environmental degradation. By 
determining which soil tilth conditions are optimal for various crops and by understanding 
how tillage modifies soil tilth, better crop management decisions regarding tillage, crop 
rotation, fertilizer management, and yield goals can be made. This knowledge will also 
enable society to assess accurately the long term effects of current and future farming 
practices on soil resources and thus to determine optimal management policies that 
promote the continuous use and protection of our soil and water resources. 
13 
OBJECTIVES 
The objectives of this study were to develop a 'tilth index' to quantify soil tilth, 
and field verify the proposed tilth index. 
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QUANTIFYING SOIL TILTH 
Because tilth is a compound soil property, it is proposed that tilth of a mineral soil 
can be characterized by the integration of soil properties such as bulk density, strength, 
aggregate characteristics (Karlen et al., 1990); organic matter content (Knuti et al., 
1979); and consistency (Plaster, 1985). Measures of bulk density, cone index, uniformity 
coefficient, organic matter content, and plasticity index, respectively, are proposed to 
represent the above soil properties affecting tilth. It is important to mention that this is 
the first approach to quantifying soil tilth. The parameters were selected partly because 
they may easily be measured in the field. More complex or time consuming 
measurements may be necessary for some scientific studies but are less likely to be 
accepted for management use by farmers. This may not be the correct set of parameters 
representing tilth, but this will provide a guideline for further research, 
A tilth coefficient corresponding to a soil property may be represented by the 
polynomial relationship 
CFx = Ao + A, * X + A2 * + ... + A„ * X", ...(1) 
where CFx = tilth coefficient for the soil property (X), and 
Ao, A,, ..., An = constants. 
The tilth coefficients may be used to calculate the tilth index by way of the 
following equation 
TI = CF, * CF; »... * CF., ...(2) 
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where TI = tilth index 
CF = tilth coefficients for each of n soil properties 
Both the tilth index and tilth coefficients were normalized to range between 0 to 1. 
This normalization technique was considered based on the productivity index developed 
by Neill (1979) and modified by Pierce et al. (1983). 
A relationship between rate of fertilizer addition and crop yield is presented in 
Figure 1 (Brady, 1984). It may be noted that the first 500 kg of fertilizer gave a much 
higher yield increase than the second 500 kg, which gave a higher yield increase than the 
third 500 kg. In California, increasing amounts of irrigation water resulted in greater 
cotton production (at a decreasing rate of return) until yield was maximal, beyond which 
adding more water reduced the yield (Figure 2) (Grimes, 1977). Effects of nitrogen 
fertilization and water application on cotton yield determined by Longenecker (1959) and 
Hamilton et al. (1956) also followed equivalent trends. Relationships between the tilth 
coefficients corresponding to soil parameters were developed to mimic these trends. The 
general nature of the relation was such that as the value of a soil parameter changes away 
from the plant unusable side, the tilth coefficient increases at a high rate, but when the 
value of the parameter approaches the nonlimiting side, the tilth coefficient changes at a 
slower rate. 
The concept of a tilth index provides a simple method of quantifying soil tilth. 
This is a proposal only, and relations may need to be modified and/or expanded to 
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Figure 1. Relationship between rate of fertilizer addition and crop yield 
(After Brady, 1984) 
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Figure 2. Effect of water application on lint-cotton yield (After Grimes, 1977) 
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include additional parameters as the index equation is tested over a wider range of soil 
and climatic conditions; and management practices. The simplicity and multiplicative 
nature of the tilth index is flexible enough to incorporate the addition and/or deletion of 
any parameter affecting tilth. These relations should be considered as indicative of the 
general trend only. Attempts should be made to generalize the relations based on 
extensive research over a wide range of soil families, climatic conditions, and 
management practices. 
Bulk density 
Bulk density is defined as the mass of a unit volume of dry soil (Hillel, 1982; 
Brady, 1984; Plaster, 1985). An "ideal soil" contains about 50% solid particles and 50% 
pore space, by volume (Hillel, 1982; Plaster, 1985). The bulk density of such a mineral 
soil is about 1.3 Mg/m\ The particle density of a soil, i.e. if there are only solid 
particles and no pore spaces, is considered as 2.65 Mg/m' for all practical calculations 
(Plaster, 1985). 
Neill (1979) proposed the use of bulk density as an indicator of the soil's 
sufficiency for root development eventhough such data may be difficult to obtain from the 
literature. While penetrometer resistance may be a better indicator of root penetration 
(Taylor and Gardner, 1963), such data do not exist for a wide range of soils (Pierce et 
al., 1983). Neill (1979) proposed a sufficiency relationship for bulk density (Figure 3) 
using the work of Edmonds (1976). 
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Figure 3, Sufficiency relationship for bulk density (After Neill, 1979) 
(a = nonlimiting, b = critical, and c = root limiting) 
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Pierce et al. (1983) altered Neill's sufficiency relationship to incorporate the 
differences in sufficiency of bulk density for the various soil family texture classes. 
Their sufficiency curve for bulk density takes the same form as that proposed by Neill 
(1979) (Figure 3). However, the nonlimiting, critical, and root limiting bulk densities 
vary with family texture class (Soil Survey Staff, 1975). For the sandy and coarse-
loamy classes, the nonlimiting bulk densities (1.30 Mg/m^ for clayey to 1.60 Mg/m' for 
sandy soils) correspond to well graded, low consolidation class bulk densities proposed by 
Grossman (1981). The root limiting bulk densities (1,47 Mg/m^ for clayey to 1.85 
Mg/m^ for sandy soils) for these texture classes were those proposed by Grossman and 
Berdanier (1982), pertaining to most of the major feed and fiber crops of temperate 
regions. Critical bulk densities (1.39 Mg/m' for clayey to 1.69 Mg/m' for sandy soils) 
for these classes were defined as the bulk density that corresponds to a 20% increase in 
total porosity relative to that of the limiting bulk density. Neill (1979) assumed critical 
bulk density corresponds to a sufficiency of 0.826 for all texture classes. 
Bowen (1981) reported that in many instances, roots encounter compacted layers 
at field capacity water contents and therefore at their lowest mechanical impedance. 
When that occurs, mechanical impedance can be estimated from soil bulk density. A 
general rule of thumb (with many exceptions) is that bulk densities of 1.55, 1.65, 1.80, 
and 1.85 Mg/m' will severely impede root growth and thus will reduce crop yields on 
clay loams, sill loams, fine sandy loams, and loamy fine sands, respectively. Obviously 
these general guides should be verified for the specific growth conditions. 
Canarache et al. (1984) conducted experiments in Romania and reported that 
maize grain yield followed a negative linear trend with increasing bulk density. For three 
of the four experimental fields, yield decreased about 13 kg/ha for each 1 kg/m' increase 
in bulk density. On average, for all four sites, for each 1 kg/m' increase in bulk density, 
a decrease of 0.18%, relative to the yield on the non-compacted plot, was noticed. 
Veihmeyer and Hendrickson (1948) showed that increases in bulk density reduced 
root growth even in soils where aeration should not have been a problem. According to 
Kar et al. (1976), a bulk density greater than 1.2 Mg/m' for clay soil, 1.6 Mg/m' for 
loam soil, and 1.8 Mg/m' for sandy loam soil adversely affected the root growth of 
paddy (rice). Towner (1986) reported bulk densities of Beccles and Batcombe soils in 
Rothamstead, U. K., as high as 1.94 Mg/m' and 1.98 Mg/m\ respectively. 
Brady (1984) reported that the bulk densities of clay, clay loam, and silt loam 
surface soils normally may range from 1.00 to as high as 1,60 Mg/m\ depending on 
their condition. A variation from 1.20 to 1.80 Mg/m' may be found in sands and sandy 
loams. Very compact subsoils may have bulk densities of 2.0 Mg/m' or even greater. 
Gill (1959) reported that the bulk density of compressed samples increased from 1.54 
Mg/m' at a mass wetness of 25% to 1.75 Mg/m' at a wetness of 20%. Well structured 
soils, however, break into numerous small aggregates (crumbs) as they dry, so that even 
though individual aggregates shrink, the layer as a whole becomes loose and porous 
(Hillel, 1982). 
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Based upon the above review of literature, any soil with a bulk density less than 
or equal to 1.3 Mg/m' was considered nonlimiting. In view of the absence of any 
specific literature for the maximum value of the bulk density which may be considered 
unusable by plants, 2.1 Mg/m' was thought to be a reasonable choice based on 
experience. This value of the bulk density may appear high, but it will not greatly affect 
the coefficient values in the range 1.3 Mg/m' to 1.8 Mg/m^ (Neill, 1979) where crops are 
usually grown. Points were chosen (Figure 4) to approximate Neill's curve (Figure 3) in 
the shapes suggested in Figures 1 and 2. A regression analysis of those chosen points 
was used to get equation 4. The number of significant digits was the result of forcing the 
curve to pass through the end points in equations 3 and 5. The fields in which this 
relation was tested had bulk density values less than 1.7 Mg/m'. Further testing of the 
relation is required for values of bulk density more than 1.7 Mg/m'. However, the 
relation proposed between the tilth coefficient [CF(BD)] and the bulk density (BD) is 
represented by equations 3 to 5, and shown in Figure 4, which is similar to Figure 3 
proposed by Neill (1979). 
CF(BD) = 1.0, for BD < = 1.3 Mg/m ...(3) 
CF(BD) = - 1.5 + 3.87 * BD - 1.5 * BD\ 
for 1.3 < = BD < = 2.1 Mg/m 
CF(BD) = 0.0, for BD > = 2.1 Mg/m^ ...(5) 
...(4) 
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Figure 4. Relationship between tilth coefficient and bulk density 
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Cone index 
According to Cassel (1982), "it is important that the researchers be convinced that 
the use of cone index is a valid method for assessing mechanical impedance to roots". 
Research by Taylor and Gardner (1963), Taylor and Burnett (1964), and Taylor and 
Bruce (1968) showed that root penetration through compacted soil is controlled by soil 
strength, not by soil bulk density or any other physical feature of the soil. Both soil 
water and bulk density affect soil strength but strength is the determining factor. 
Soil strength, an important mechanical impedance parameter for root growth 
(Barley and Greacen, 1967), varies with bulk density and water content (Camp and Lund, 
1968; Mirreh and Ketcheson, 1972) and also with organic matter content (Sands et al., 
1979). Gerard et al. (1982) reported the influence of a number of factors, namely, soil 
type, clay content, voids, water content, bulk density, and soil depth on soil strength. 
Cone index is a measure of soil strength and an indicator of how easily roots can 
penetrate soil, and thus, plant growth and crop yield. Because cone index is so heavily 
dependent upon bulk density and soil water content, it is imperative that supporting bulk 
density and water content data be collected (Cassel, 1982). However, there is no 
standard water content and/or bulk density at which penetration resistances are 
consistently measured (Busscher, 1990). 
Chancellor (1976) recommended that cone index measurements be taken at those 
times when the soil is at in situ field capacity. Values of cone index at in situ field 
capacity, range from nearly zero in a subsoil silt to values greater than 9 MPa in a tillage 
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induced pan (Cassel, 1982). Roots may be able to penetrate compact soil layers in a wet 
condition but subsequent radial growth may be greatly restricted as the soil dries and 
strength increases (Chaudhary and Sandhu, 1983). 
Camp and Lund (1968) measured cone indices of near 3 to 14 MPa at wilting 
point on Norfolk fine sandy loam. Busscher (1990) reported maximum penetration 
resistance of 20 MPa at Florence, South Carolina. He developed a relation between cone 
index, bulk density, and water content, using boundary conditions which consisted of wet 
soil having no penetration resistance and dry soil being essentially impenetrable. Bulk 
density was given boundary conditions of bulk density = 0 Mg/m' at penetrometer 
resistance = 0 MPa, and bulk density = 2.65 Mg/m' at penetrometer resistance = 
infinity. Gill and Bolt (1955) reviewed the root growth pressure studies of Pfeffer (1893) 
which showed that plants can exert pressures up to 2.5 MPa during growth. 
Soil penetrometers have been used to a greater extent than other devices for 
determining the effects of soil bulk density and water content on root penetration. As 
soil bulk density increases or as soil water content decreases, penetrometer values 
increase. However, the exact change in penetrometer value as bulk density or water 
content changes is soil dependent. For example, at -33 kPa soil water potential and a 
penetrometer resistance value of 2 MPa, Columbia loam soil was at a bulk density of 
1.55 Mg/m^ while Miles fine sandy loam was at a bulk density of 1.80 Mg/m' (Taylor 
and Bruce, 1968). 
26 
Plant roots are less likely to enter soil layers with massive structure as soil 
mechanical resistances increase (Taylor et al., 1966). Almost all cotton roots penetrated 
low resistance soil cores but the proportion decreased with increased soil resistance until 
no roots penetrated at 3 MPa soil resistance regardless of whether high resistance was 
caused by increased soil bulk density or by reduced soil water content. Increased soil 
mechanical resistance also reduced the rate of root elongation. A penetration resistance 
of 0.7 MPa reduced cotton root elongation rate 50% but a 2 MPa penetration resistance 
was required to reduce peanut root elongation by 50% (Taylor and Ratliff, 1969). A 
resistance of 1.1 MPa reduced pea roots by 50% (Cockroft et al., 1969). Peanut root 
elongation rates thus are reduced less than cotton or pea root elongation by a specific 
level of penetration resistance. 
Taylor and Gardner (1963) showed that cotton root penetration was stopped when 
soil strength, as measured with a penetrometer, reached 3 MPa. However, even the 3 
MPa limit is arbitrary because root penetration progressively decreased as soil resistance 
increased from 0.5 to 3 MPa (Taylor and Gardner, 1963). Taylor et al. (1966) assumed 
critical penetration resistance for cotton root penetration as 2 MPa. Voorhees et al. 
(1975) obtained a similar value for pea seedlings in a fine textured soil. However, 
Gerard et al. (1982) showed that penetration resistance above which root growth is 
negligible varies with the clay content. Additionally, critical penetration resistance will 
depend upon the type of root system and the type of penetrometer. 
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Bowen (1981) reported that it is much easier to show that a direct cause-effect 
relationship exists between the presence of mechanically impeding layers and root growth 
or shoot emergence than it is to show that such a relationship exists between mechanical 
impedance and crop yield. He reported several reasons for this. First, mechanical 
impedance of root growth does not, of itself, reduce yield. Plants require water, essential 
minerals, and anchorage from the soil. If the impeding layers of soil volume do not 
increase plant stresses because of a lack of these items at any time between emergence 
and physiological maturity, impedance will not affect yield. Second, the definitive 
experiments showing that mechanical impedance reduces root growth were conducted in 
the laboratory under conditions of closely controlled uniformity. These conditions 
usually are not achieved in fields where most yield trials are conducted. Finally, all 
commonly used strength sensing devices integrate their measurements over soil volumes 
substantially larger than the size of the plant root. In addition, the devices either follow a 
rigid path (penetrometers) or cause a preordained failure pattern (shear vanes and 
compressive strength machines). Small, flexible plant roots can penetrate soil layers 
through soil cracks, worm holes, root channels, and other voids that do not substantially 
affect results obtained with strength sensing devices (Nash and Balingar, 1974; Davis et 
al., 1968). 
Despite these difficulties, many experiments have shown that crop yields decrease 
as the strength of soil layers increases. In an irrigation experiment. Carter et al. (1965) 
found that seed cotton yield decreased linearly from 3.6 Mg/ha where penetration 
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resistance measured at field capacity was 0.3 MPa to 1.45 Mg/ha where resistance was 
4.0 MPa. 
In the Southern Great Plains, yield of lint cotton was 560 kg/ha where no soil pan 
existed and 280 kg/ha where penetration resistance was 2.5 MPa. Yield was not further 
reduced as penetration resistance was increased above 2.5 MPa (Taylor et al., 1964). 
Grain yield of sorghum (Taylor et al., 1964) also decreased curvilinearly as soil strength 
increased, but yields were substantially lower on a Pratt fine sandy loam than on an 
Amariilo fine sandy loam. Reseeded range grasses (Barton et al., 1966) and sugar beets 
(Taylor and Bruce, 1968) followed the same general trend of decreased yield with 
increased soil strength. 
Similar results were reported by Lowery et al. (1970) for cotton, and by Rogers 
and Thurlow (1973) for soybeans, in Alabama. Plant water stress induced by the soil 
pans was thought to be the reason for the reduced yield in both cases. 
A soil profile that contains an impeding layer of moderate thickness is less likely 
to reduce yield in perennial than in annual crops. Barton et al. (1966) found that the first 
year yield of giant cenchrus grown on Amariilo fine sandy loam at Big Spring, Texas, 
was about 3.4 Mg/ha where no soil pan existed and was about 1.05 Mg/ha where a pan 
with a penetration resistance of 3.4 MPa existed. The rooting pattern was also severely 
distorted. In time, however, grass roots found planes of weakness in the fine sandy loam 
soil and permeated most of the soil volume (Fryrear and McCully, 1972). 
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In view of the absence of any specific literature for the cone index corresponding 
to nonlimiting and plant unusable soil, and based on experience along with general trends 
found in the literature, any soil with a cone index less than or equal to 1 MPa was 
considered nonlimiting, and one with a cone index greater than or equal to 10 MPa was 
considered unusable by plants. These values are to be based on the average of cone 
indices measured at 50, 100, and 150 mm soil depth. Points were chosen so that a shape 
similar to the bulk density curve (Figure 4) would exist between the end points chosen for 
cone index. A regression analysis was used to get equation 7. The number of significant 
digits was the result of forcing the curve to pass through the end points in equations 6 
and 8. The fields where this relation was tested had average cone index less than 3 MPa. 
Further testing of the relation is required for the values of cone index more than 3 MPa. 
However, the relation proposed between the tilth coefficient [CF(CI)] and the cone index 
(CI) is represented by equations 6 to 8 and shown in Figure A-1. 
CF(CI) = 1.0, for CI < = 1.0 MPa ...(6) 
CF(CI) = 1.012 - 0.002 » CI - 0.01 • CP, 
for 1.0 <= CI < = 10.0 MPa ...(7) 
CF(CI) = 0.0, for CI > = 10.0 MPa ...(8) 
A similar trend was reported by Parker and Taylor (1965) between seedling 
emergence and penetration resistance; and by Carter et al. (1965) and Carter and 
Tavemetti (1968) between seed cotton yield and penetration resistance. 
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Organic matter 
Smith and Elliott (1990) reported that the organic matter content of agricultural 
soils is highly correlated with their potential productivity, tilth, and fertility. Although 
the amount of soil organic matter in most semiarid dryland soils is relatively low, ranging 
from 0.5 to 3% and typically less than 1%, its influence on soil properties is of major 
significance. A decrease in soil organic matter level indicates a decline in soil 
productivity. 
Brady (1984) reported that the organic matter which is found mostly in the upper 
soil layers, supplies plant nutrients and simultaneously promotes soil physical properties 
favorable to plant growth. The organic matter content of a soil is small, varying from 2 
to 6% by weight in typical well-drained mineral soils (Brady, 1984). 
Bowen (1981) reported that the incorporation of organic matter has several effects 
on crop growth including reducing overall soil bulk density, tieing-up or releasing 
nitrogen, developing aggregating and aggregate stabilizing materials in the soil, increasing 
earthworm and other fauna populations, and changing soil pH. Raw organic matter 
added as green or dried plant top growth always reduced the bulk density of mineral soils 
because the bulk density of organic matter is less than that of soil displaced by the 
organic matter. 
Smith et al, (1990) reported that increased organic matter content could be 
beneficial to crop growth by enhancing soil physical properties, water relationships, or 
nutrient reservoirs. Alway and McDole (1917) reported organic matter in red loam soil 
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in New Mexico as low as 1.07%. Neill (1979) reported organic matter in the range of 
0.4 to 3.2% in Andrew County, Missouri. 
Russell (1977) reported that it takes approximately 7 years under a pasture to 
restore a long cultivated soil to a structure near that of soil under virgin sod. 
Soil conditions are nonlimiting for plant growth when 50% of the soil volume is 
solid particles, out of which about 45% is mineral matter and 5% is organic matter 
(Hillel, 1982; Plaster, 1985). Bowen (1981) reported that the residual humus materials, 
if any, have densities of about 1.4 Mg/m' as compared to specific densities of 2.65 to 2.7 
Mg/m^ for most mineral soil materials. Therefore, a nonlimiting soil will have 
approximately 5.38% organic matter by weight. 
Based upon the above review of literature, any mineral soil with an organic matter 
greater than or equal to 5% by weight was considered nonlimiting. There was no 
specific literature available for the minimum value of organic matter which may be 
considered unusable by plants. In countries like India and Bangladesh, the organic matter 
of most of the soils is negligible. Even there the crops usually grow successfully. An 
organic matter less than or equal to 1 % with corresponding lowest tilth coefficient of 
0.70 was thought to be the best choice, based on experience, to limit the effect of low 
organic matter. Points were chosen so that a shape similar to the bulk density curve 
(Figure 4) would exist between the end points chosen for organic matter. A regression 
analysis was used to get equation 10. The number of significant digits was the result of 
forcing the curve to pass through the end points in equations 9 and 11. The fields in 
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which this relation was tested had average organic matter in the range of 3.5 to 7%. 
Further testing of the relation is required for the values of the organic matter outside this 
range. The possibility of other values of the lowest cutoff point for the organic matter 
and corresponding tilth coefficient of 0.70 should be further investigated. However, the 
relation proposed between the tilth coefficient [CF(OM)] and the organic matter (OM) is 
represented by equations 9 to 11 and shown in Figure A-2. 
CF(OM) = 1.0, for OM > = 5% ...(9) 
CF(OM) = 0.59 + 0.122 * OM - 0.008 * 0M\ 
for 1 <= OM <= 5% ...(10) 
CF(OM) = 0.70, for OM < = 1% ...(11) 
Uniformity coefficient 
A soil is said to be well graded or poorly graded depending upon the shape of the 
grain size distribution curve. The information obtainable from this curve includes the 
diameter of the largest grains in the assemblage, and the grading pattern, i.e., whether 
the soil is composed of distinct groups of particles each of uniform size or whether it 
consists of a more or less continuous array of sizes. Soils indicating a steplike 
distribution curve, are called poorly graded. Soils with a flattened and smooth 
distribution curve (without apparent discontinuities) are called well graded (Lambe, 1951; 
Hillel, 1982; Wray, 1986). 
This aspect of grain size distribution can be expressed in terms of the uniformity 
coefficient, which is the ratio of D^o to D,o, where is the diameter at which 60% of 
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the soil mass is finer, and D,o is the corresponding diameter at which 10% is finer 
(Lambe, 1951; Hillel, 1982; Wray, 1986). According to Hillel (1982), "attempts have 
been made to correlate this coefficient with various soil properties such as permeability". 
If a soil material were to consist entirely of equal sized grains, the uniformity coefficient 
would be unity. Some well graded soils, on the other hand, have uniformity coefficient 
values greater than 1000 (Hillel, 1982). A soil having a uniformity coefficient smaller 
than about 2 would be considered uniform (Lambe, 1951). For a soil to be well graded, 
uniformity coefficient should be greater than or equal to 4 for gravels and greater than or 
equal to 6 for sands (Wray, 1986). In this study a soil having a uniformity coefficient 
greater than or equal to 5 was selected as well graded. The literature tends to be about 
particles but for the development of tilth index, this technique was used for aggregates. 
Based upon the above discussion, any soil with a uniformity coefficient greater than or 
equal to 5 was considered nonlimiting, and one with uniformity coefficient less than or 
equal to 2 was considered unusable by plants. In view of the absence of any specific 
literature for the lowest tilth coefficient, a value of 0.75 was thought to be the best 
choice, based on experience, for a uniformity coefficient less than or equal to 2 to limit 
the effect of low uniformity coefficient. Points were chosen so that a shape similar to the 
bulk density curve (Figure 4) would exist between the end points chosen for the 
uniformity coefficient. A regression analysis was used to get equation 13. The number 
of significant digits was the result of forcing the curve to pass through the end points in 
equations 12 and 14. The fields in which this relation was tested had uniformity 
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coefficient values of 3.49 and above. Further testing of the relation below the uniformity 
coefficient of 3.49 is required, and the possibility of a lower tilth coefficient than 0.75 
should be further investigated. However, the relation proposed between the tilth 
coefficient (CF(UC)] and the uniformity coefficient (UC) is represented by equations 12 
to 14 and shown in Figure A-3. 
CF(UC) = 1.0, for UC > = 5 ...(12) 
CF(UC) = 0.348 + 0.245 * UC - 0.023 * UC^ 
for 2 < = UC < = 5 ...(13) 
CF(UC) = 0.75, for UC < = 2 ...(14) 
Plasticity index 
Tov/ner (1986) reported that soils differ in their particle size distribution. Soils 
are rarely uniform in properties that affect soil-water relations. Variations occur due to 
differences in texture and in structure as naturally occuring or brought about by tillage, 
compaction, cropping, and other management events (Chaudhary and Sandhu, 1983). 
Tillage is difficult in clay soils because they are hard when dry and sticky when wet. 
According to Utomo and Dexter (1981), for some soils, a gravimetric moisture content 
around 0.9 times the plastic limit provides maximum friability. At this moisture content, 
soil tillage maximizes the proportion of small aggregates produced (Ojeniyi and Dexter, 
1979). 
Texture is a basic soil property that strongly influences many other soil properties 
such as strength, bulk density and porosity, water holding capacity, and hydraulic 
35 
conductivity. Texture classifies the relative proportions of the different size mineral 
particles (sand, silt, and clay) contained in the soil (Jones et al., 1990). 
Plasticity index is the difference in moisture contents between the liquid limit and 
the plastic limit of the soil. It is a measure of the cohesive property of the soil. The 
materials that have a high plasticity index tend to soften in wet weather and become 
slippery. 
Plasticity index relates to texture. Fine textured soils have a high plasticity index 
and low infiltration rates, form surface crusts, and therefore, increase runoff and water 
erosion. Coarse textured soils have a low plasticity index and can be susceptible to wind 
erosion because of poor aggregation. The crust layer often is hard enough to reduce or 
prohibit seedling emergence through it (Kemper and Miller, 1974). 
Soils may be classified on the basis of their plastic properties (Karol, 1960). 
Casagrande (1948) defmed eight textural categories based on the liquid limit and the 
plasticity index. From the Soil Survey reports also we can find information about texture 
by knowing the plasticity index. Karol (1960) reported that the particle size is not the 
major distinction between silt and clay soils. There is actually an overlapping range of 
sizes of silt and clay soils, and the distinction on the basis of plasticity is more justified 
than on particle size. The clay-soil fraction must be identified on the basis of plasticity, 
since particles smaller than the No. 200 sieve (0.074 mm) cannot be separated by sieving 
on the basis of particle size into silt and clay. The sand and silt content of a clay soil 
affect the properties of that soil. The gravel component, when it does not exceed 20 to 
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35%, generally has negligible effects on the properties of the sand-silt-clay mixture. 
Therefore, the plastic qualities of the sand-silt-clay mixture form a more realistic basis 
for identifying the soil than the plastic properties of the clay component (or silt-clay 
component) alone. Casagrande (1948) presented a table to provide a basis for 
identification of composite soils, based on their overall plasticity index. Soils having an 
average plasticity index of 15% were termed as medium plastic, and those with plasticity 
index greater than or equal to 40%, were termed as very high plastic. The most common 
minimum and maximum values of the plasticity index from the Soil Survey report of 
Boone County, Iowa, were also 15 and 40%, respectively, which were selected as the 
values corresponding to the nonlimiting soil and to soil unusable by plants. In view of 
the absence of any specific literature for the lowest tilth coefficient, a value of 0.80 was 
thought to be the best choice, based on experience, for plasticity index greater than or 
equal to 40% to limit the effect of a high plasticity index. Points were chosen so that a 
shape similar to the bulk density curve (Figure 4) would exist between the end points 
chosen for plasticity index. A regression analysis was used to get equation 16. The 
number of significant digits was the result of forcing the curve to pass through the end 
points in equations 15 and 17. The fields in which this relation was tested had an 
average plasticity index in the range of 10 to 23%. Further testing of the relation is 
required and the possibility of other end points for the plasticity index and a tilth 
coefficient lower than 0.80 should be further investigated. However, the relation 
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proposed between the tilth coefficient [CF(PI)] and the plasticity index (PI) is represented 
by equations 15 to 17 and shown in Figure A-4. 
CF(PI) = 1.0, for PI < = 15% ...(15) 
CF(PI) = 1.02 + 0.0009 • PI - 0.00016 » ?1\ 
for 15 <= PI <= 40% ...(16) 
CF(PI) = 0.80, for PI > = 40% ...(17) 
The relations proposed in this section were tested on a limited amount of data 
from two locations near Ames, Iowa; and near Waseca, Minnesota. Further testing of 
the relations is required over a variety of soil and climatic conditions; and management 
practices. It is proposed that a tilth index in the range of 0.8 to 1.0 is optimal for crop 
production and that one less than 0.5 is poor. 
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RELATION BETWEEN TILTH INDEX AND RELATIVE CROP YIELD 
Soil productivity is the capacity of a soil for producing a specified plant or 
sequence of plants under a physically defined set of management practices (Soil Survey 
Staff, 1951). 
Crop production is dependent on soil, plant, management, and climatic factors. A 
soil's unique combination of properties (tilth) is altered by management practices and 
climatic conditions. Interactions of these properties influence the amount and distribution 
of roots grown. Therefore, crop yield can be used as an indicator of soil tilth. The tilth 
index may be treated as equal to relative crop yield, ranging between 0 for the plant 
unusable and 1 for the nonlimiting soil. Relative crop yield is defined as the ratio of 
estimated and potential crop yields. 
Use of the relative crop yield will not limit applicability of the tilth index to a 
particular crop. By knowing the potential yield for that location, crop yield may be 
estimated. Corresponding to a tilth index, the crop yield may be estimated and compared 
with actual yield. The predicted and actual yields should be comparable, provided that 
all soil parameters and climatic conditions are maintained throughout the cropping season. 
Actual crop yields may be greatly influenced by timely tillage; planting; cultivation; 
irrigation; fertilizer application; harvesting; and other natural, environmental, and 
management factors affecting crop production. The tilth index quantifies the tilth status 
of a particular soil at a given time and estimates the relative crop yield at that time only. 
The relative crop yield may be estimated at a point or at many points in time. It may be 
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that tilth indices at certain times in the cropping season are more crucial and have a 
greater influence on actual crop yield. Therefore, these times must be determined, or a 
weighting factor for estimated relative crop yield and sampling time may need to be 
developed for a seasonal relative crop yield estimate. Extensive sampling throughout the 
field and the cropping season will provide a better estimate of both tilth and relative crop 
yield. 
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FIELD VERIFICATION OF THE PROPOSED TILTH INDEX 
STUDY NEAR AMES, IOWA 
Field experiments were conducted during the 1989 and 1990 cropping seasons at 
the Agronomy-Agricultural Engineering Research Center of Iowa State University, near 
Ames, Iowa. The soils were in the Clarion-Nicollet-Webster Soil Association. Specific 
soils in the field were Webster silty clay loam (fine-loamy, mixed, mesic Typic 
Haplaquolls) and Clarion loam (fine-loamy, mixed, mesic Typic Hapludolls) on a slope of 
0 to 3 percent with continuous com and corn-soybean rotations. The fields have been 
managed with the same tillage and rotation treatments for the previous ten years. 
Four replications in a randomized complete block split plot design were used in 
both the fields. The treatments were five levels of tillage; moldboard plow, chisel plow, 
spring disk, slot plant ridge, and till plant. Each plot consisted of 35 rows spaced at 762 
mm. Each row was 91 m long. There was a 12 m gap between each replication. 
Tillage on different systems was done in a manner to simulate an actual "on-farm" 
practice. The moldboard plow system was plowed in the fall with one disking and one 
field cultivator pass made in the spring before planting. The chisel plow system was 
chiseled in the fall and disked once and field cultivated once in spring prior to planting. 
The spring disk system received two passes with the disk before planting. The slot plant 
ridge system was planted by opening a narrow slit on the ridge. The till plant system 
was planted normally by cutting off the top of the ridge and planting in a narrow strip of 
residue free soil. 
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During 1989, four measurements of moisture content, bulk density, cone index, 
and uniformity coefficient were made from the 0-150 mm soil depth in the row from each 
plot. The samples for uniformity coefficient were mixed and one representative sample 
for each tillage treatment was taken for analysis. The tilth indices of each of the four 
locations within a plot were averaged to provide a representative tilth index of each 
tillage treatment. 
During 1990, similar samples were collected in moldboard plow, chisel plow, and 
spring disk systems throughout the cropping season (before tillage, after disking, after 
field cultivating, after planting, and before harvesting). In till plant and slot plant ridge 
systems, the samples were taken only before planting, after planting, and before 
harvesting. The samples for uniformity coefficient were not mixed and analyzed 
individually. 
Samples (75 mm diameter and 75 mm high) bulk density were collected (Uhland 
core sampler) and transfered into moisture cans. The samples were oven dried at 105° C 
for 24 hours. After the specified time, the oven dried weight of the samples was 
determined. The bulk density was calculated according to the following equation: 
BD = Wd / V ...(19) 
where BD was the bulk density (Mg/m'), was the weight of the oven dried sample 
(Mg), and V was the volume of the wet sample (m^). 
The cone penetration resistance was measured with a standard cone penetrometer 
(ASAE Std. S312.2). The maximum resistance was recorded at 50, 100, and 150 mm 
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depths for the previous 50 mm, and averaged. The cone index was calculated by using 
the following equation: 
CI = F / A ...(20) 
where CI was the cone index (kPa), F was the normal force (kN), applied on the cone to 
penetrate soil layer, and A was the base area of the cone (m^). 
Samples for uniformity coefficient determination were taken with a flat spade 
(Keen, 1931) to the depth of 100 mm, and dried to 5% moisture content or less. A 
rotary sieve was used to separate the aggregate sizes. The smallest size fraction obtained 
from the rotary sieve was further sieved through a sieve shaker (Lambe, 1951) containing 
nested sieves (numbers 10, 20, 40, 60, 120, 200, and pan) (Wray, 1986). After the 
sample was sieved, each size range was weighed and its weight recorded. A graph was 
ploted on a semilog paper between percent soil finer by weight and diameter. The 
uniformity coefficient was calculated by using the following equation: 
UC = D«, / D,o ...(21) 
where UC was the uniformity coefficient, Djo was the diameter at which 60% of the soil 
mass is finer, and D,o was the corresponding value at which 10% is finer. 
Karlen et al. (1991) reported the total nitrogen content of the soil after twelve 
years of similar tillage and rotation treatments near Nashua, Iowa. The organic matter 
(approximately 20 times of nitrogen content) (Brady, 1984), calculated for the 0-150 mm 
depth was 3.08, 3.06, 2.92, and 2.92%, respectively for moldboard plow, chisel plow, 
ridge till and no-tillage systems. Because of the small differences in these values, the 
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organic matter of the plots under study was not measured. The values of the organic 
matter were taken from the soil survey report of Boone County (USDA-SCS, 1981) and 
are presented in Table 1. 
The plasticity index is the difference between soil moisture contents at the liquid 
limit and plastic limit. This index is related to texture and generally does not change 
with management practices. The values of plasticity index were, therefore, not measured 
and taken from the soil survey report of Boone County (USDA-SCS, 1981). These 
values are presented in Table 1. 
Tilth coefficients for organic matter and plasticity index of both soil types in the 
fields were calculated and averaged assuming that they will be equal for both fields. The 
tilth index for each sampling location was calculated. Crop yield of each tillage plot was 
measured and adjusted to 15.5% moisture content for com and 13.0% for soybeans. 
Table 1. Description of soils at experimental sites (USDA-SCS, 1981) 
Map Number: 
Soil Name: 
USDA Texture; 
Liquid Limit (%): 
Plasticity Index (%): 
Organic Matter (%): 
Potential Com Yield (Mg/ha): 
Potential Soybean Yield (Mg/ha): 
35-60 
15-30 
6 - 8 
7.2* 
2.8* 
107 
Webster 
Silty clay loam 
138B 
Clarion 
Loam 
25-40 
5 - 15 
3 - 4  
7.2* 
2.8* 
* The values refer to the soil conditions in 1975, Potential yields are those 
which can be expected under a high level of management. 
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1989 Cropping Season 
Continuous Com 
The tilth indices of individual plots ranged from 0.66 for slot plant ridge to 0.90 
for moldboard plow. Mean values of the tilth index were highest for moldboard plow 
among all the tillage practices (Table 2). Mean values for till plant and chisel plow 
were equal, but slightly lower than moldboard plow. Next in decreasing order of tilth 
index were spring disk and slot plant ridge. Duncan's multiple range test on the mean 
values of the tilth index for different tillage systems showed a significant difference only 
between moldboard plow and slot plant ridge systems. 
The com yields of individual plots ranged from 5.47 Mg/ha for slot plant ridge to 
9.23 Mg/ha for moldboard plow. Mean values of com yield for the different tillage 
systems showed trends similar to the tilth index. Duncan's multiple range test on the 
mean values of com yield for the different tillage systems showed that moldboard plow, 
chisel plow, and till plant; chisel plow, till plant, and spring disk; and spring disk, and 
slot plant ridge system groups were not statistically different. 
Corn-Soybean Rotation 
The tilth indices of individual plots ranged from 0.66 for chisel plow to 0.92 for 
till plant. Mean values of tilth index were highest for slot plant ridge among all the 
tillage systems (Table 3). Mean values for moldboard plow and till plant, were slightly 
lower, but comparable to slot plant ridge. Next in the decreasing order of tilth index 
were spring disk and chisel plow. None of the differences in the mean values of tilth 
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Table 2. Mean values' of soil properties, tilth index, and com yield; and ANOVA 
F-statistic, for tillage treatments for continuous com rotation in 1989 
Tillage Moisture Bulk Cone Uniformity Tilth Actual 
Content Density Index Coefficient Index Yield 
(g/g) (Mg/m') (MPa) (Mg/ha) 
2 4 4 4 4 4 5 
MBP 0.180 1.44 1.57 4.95 0.87' 8.78' 
CP 0.168 1.48 2.10 4.95 0.82* 8.33'" 
TP 0.206 1.38 1.74 3.86 0.82"' 8.27'" 
SD 0.154 1.55 2.40 4.71 0.78'" 7.57"' 
SPR 0.148 1.57 2.29 4.95 0.77" 7.13 = 
Parameter F value PR > F 
Tilth index 2.06 0.1491 
Com yield 3.76 0.0331 
' Means with the same letter are not significantly different at 0.05 probability 
level. 
^ MBP, CP, TP, SD, and SPR, are moldboard plow, chisel plow, till plant, spring 
disk, and slot plant ridge systems, respectively. 
Average of 20 measurements. 
' Average of 15 measurements. 
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Table 3. Mean values' of soil properties, tilth index, and com yield; and ANOVA 
F-statistic, for tillage treatments for a corn-soybean rotation in 1989 
Tillage Moisture Bulk Cone Uniformity Tilth Actual 
Content Density Index Coefficient Index Yield 
(g/g) (Mg/m^) (MPa) (Mg/ha) 
2 4 4 4 4 4 5 
SPR 0.171 1.42 2.36 4.95 0.85' 9.03' 
MBP 0.170 1.43 1.91 4.71 0.84' 9.03' 
TP 0.179 1.40 1.92 4.95 0.84' 9.03' 
SD 0.154 1.53 2.25 4.48 0.79' 8.72' 
CP 0.170 1.54 2.42 3.67 0.73' 8.53' 
Parameter F value PR > F 
Tilth index 2.00 0.1592 
Com yield 1.61 0.2351 
' Means with the same letter are not significantly different at the 0.05 probability 
level. 
^ SPR, MBP, TP, SD, and CP, are slot plant ridge, moldboard plow, till plant, 
spring disk, and chisel plow systems, respectively. 
^ Average of 20 measurements. 
' Average of 15 measurements. 
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index were statistically significant. Similar trends were obtained for com yield. The 
com yields of individual plots ranged from 8.02 Mg/ha for chisel plow to 9.61 Mg/ha for 
moldboard plow and till plant. 
Tilth Index and Crop Yield 
The relation between com yield and tilth index is presented in Figure 5. The 
coefficient of determination (P) for the com-soybean rotation was 0.86. A similar 
relation for the continuous com rotation showed an r^ of 0.78. 
1990 CROPPING SEASON 
Continuous Com 
Tilth Index 
The analysis of variance showed that the effects of tillage system and sampling 
time on soil tilth index were highly significant (Table 4). The tilth indices of individual 
tillage plots ranged from 0.84 for slot plant ridge to 0.94 for moldboard plow systems. 
Mean values of tilth index were highest for moldboard plow among all the tillage 
systems and at all the sampling times. Next in the decreasing order of tilth index were 
chisel plow, spring disk, till plant, and slot plant ridge systems. Duncan's multiple range 
test on the mean values of the tilth index for different tillage systems showed that the 
mean values of moldboard plow and chisel plow; chisel plow and spring disk; and spring 
disk, till plant, and slot plant ridge system groups, were not significantly different. 
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• CONTINUOUS CORN 
TILTH INDEX 
» CORN-SOYBEAN ROT. 
Figure 5. Relation between com yield and tilth index in 1989 
49 
There was a significant increase in tilth index after disking operations were 
performed in moldboard plow, chisel plow, and spring disk systems, because the tilth 
coefficients for bulk density, cone index, and uniformity coefficient were increased. The 
field cultivating and planting operations did not influence the tilth indices. There was a 
significant decrease in tilth index in moldboard plow and chisel plow systems after 
planting until harvesting whereas the tilth indices of spring disk, till plant, and slot plant 
ridge systems remained constant. The overall mean values of tilth index before tillage; 
after disking and after field cultivating; and after planting and before harvesting, were 
significantly different. 
Com Yield 
The analysis of variance showed that the effect of tillage system on com yield was 
significant (Table 4). The com yields of individual tillage plots ranged from 4.64 Mg/ha 
for slot plant ridge to 10.37 Mg/ha for moldboard plow systems. 
Mean values of com yield were highest for moldboard plow among all the tillage 
systems. Next in the decreasing order of yield were chisel plow, spring disk, till plant, 
and slot plant ridge systems. Mean values of corn yield for all the tillage systems were 
significantly different from each other. 
Mean values of tilth index and com yield for different tillage systems followed 
similar trends. Best correlation was obtained between com yield and tilth index measured 
after planting. The coefficient of determination (r^) for this relation was 0.76. The r^ 
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Table 4. Mean values' of tilth index and com yield; and ANOVA F-statistic as 
affected by tillage and time in the continuous com rotation in 1990 
Tillage' TI(BT)' TI(AD)3 TI(AFC)' TI(AP)3 TI(BH): Tillage mean^ CY' 
MBP 0.90^ 0.93' 0.94' 0.94' 0.92' 0.92' 9.41' 
CP 0.90^ 0.92' 0.92 " 0.92*" 0.90* 0.91 " 8.33" 
SD 0.88 0.90" 0.90 ' 0.90 0.90" 0.89 ' 8.08 ' 
TP 0.87 ' * * 0.88 = 0.88 ' 0.88 " 7.57 " 
SPR 0.86 ' * * 0.87 ' 0.87 : 0.87 4 7.00 : 
Time mean'' 0.88'= 0.92' 0.92' 0.90" 0.89" 0.90 8.08 
Parameter Source of variation F value PR > F 
Tilth index Tillage mean 11.78 0.0004 
Time mean 15.35 0.0001 
Crop yield Tillage mean 3.87 0.0303 
' Means with the same letter are not significantly different at 0.05 probability 
level (comparisons made in the column not including time mean). 
^ MBP, CP, SD, TP, and SPR, are moldboard plow, chisel plow, spring disk, till 
plant, and slot plant ridge systems, respectively. 
' TI(BT), TI(AD), TI(AFC), TI(AP), and TI(BH), are tilth indices after plowing 
or chiseling but before secondary tillage in spring for those two and before tillage for the 
others, after disking, after field cultivating, after planting, and before harvesting, 
respectively; and CY is the com yield. 
" Means with the same letter are not significantly different at 0.05 probability 
level (comparisons made in the row among tillage means at a particular time). 
* Samples were not taken. 
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values of 0.68, 0.30, 0.49, and 0.66, respectively were obtained before tillage, after 
disking, after field cultivating, and before harvesting. 
Corn-Soybean Rotation 
Tilth Index 
The analysis of variance showed that the effects of tillage system and sampling 
time on soil tilth index were highly significant (Table 5). The tilth indices of individual 
tillage plots ranged from 0.84 for spring disk to 0.94 for moldboard plow systems. 
Mean values of tilth index were highest for moldboard plow among all the tillage 
systems and at all the sampling times. Next in the decreasing order of tilth index were 
till plant, slot plant ridge, spring disk, and chisel plow systems. Duncan's multiple range 
test on the mean values of the tilth index for different tillage systems showed a significant 
difference between moldboard plow and spring disk systems only. 
There was a significant increase in tilth index after disking operations were 
performed in moldboard plow, chisel plow, and spring disk systems. The field 
cultivating and planting operations, after tillage, further increased the tilth index. The 
tilth index decreased after planting with time until harvest. The overall mean value of 
tilth index before tillage was significantly different from the overall mean values of tilth 
index obtained at other sampling times. 
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Table 5. Mean values' of tilth index and soybean yield; and ANOVA F-statistic as 
affected by tillage and time in the corn-soybean rotation in 1990 
Tillage^ TI(BT)' TI(AD): TI(AFC)' TI(AP)^ TI(BH): Tillage mean' CY' 
MBP 0.90* 0.94' 0.94' 0.94' 0.93' 0.93' 3.24' 
TP 0.88' * * 0.91 " 0.92* 0.90" 3.12" 
SPR 0,89* * * 0.90" 0.92* 0.90" 2.99 ' 
SD 0.88' 0.90" 0.91 " 0.91 " 0.90" 0.90" 2.70 " 
CP 0.87' 0.90'" 0.91 " 0.91 " 0.90" 0.90" 2.66 : 
Time mean"* 0.88'' 0.91' 0.92' 0.91' 0.91' 0.91 2.94 
Parameter Source of variation F value PR > F 
Tilth index Tillage mean 9.70 0.0010 
Time mean 12.84 0.0001 
Soybean yield Tillage mean 3.84 0.0311 
' Means with the same letter are not significantiy different at 0.05 probability 
level (comparisons made in the column not including time mean). 
^ MBP, CP, SD, TP, and SPR, are moldboard plow, chisel plow, spring disk, till 
plant, and slot plant ridge systems, respectively. 
' TI(BT), TI(AD), TI(AFC), TI(AP), and TI(BH), are tilth indices after plowing 
or chiseling but before secondary tillage in spring for those two and before tillage for the 
others, after disking, after field cultivating, after planting, and before harvesting, 
respectively; and CY is the soybean yield. 
* Means with the same letter are not significantly different at 0.05 probability 
level (comparisons made in the row among tillage means at a particular time). 
* Samples were not taken. 
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Soybean Yield 
The analysis of variance showed that the effect of tillage system on soybean yield 
was significant (Table 5). The soybean yields of individual tillage plots ranged from 2.10 
Mg/ha for spring disk to 3.31 Mg/ha for moldboard plow. 
Mean values of soybean yield were highest for moldboard plow among all the 
tillage systems. Next in the decreasing order of yield were till plant, slot plant ridge, 
spring disk, and chisel plow systems. Mean values of soybean yield for all the tillage 
systems were significantly different from each other. 
Mean values of tilth indices and soybean yields for different tillage systems 
followed similar trends. The best correlation was obtained between soybean yield and 
tilth index measured after tillage operations. The coefficient of determination (r^) for this 
relation was 0.78. The r^ values of 0.32, 0.48, 0.36, and 0.15, respectively were 
obtained before tillage, after field cultivating, after planting, and before harvesting. 
The mean values of the tilth index were better during 1990 (after com) for all the 
tillage and rotation treatments compared to the 1989 cropping season (after soybeans). 
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STUDY NEAR WASECA, MINNESOTA 
Samples for tilth quantification were collected in November, 1989, after 
harvesting, near Waseca, Minnesota. The soil was Webster clay loam with organic 
matter contents and plasticity index values ranging from 6-7%, and 15-30%, respectively. 
The tillage systems were fall moldboard plow, fall chisel plow, and no-tillage. The 
cropping systems were continuous com, corn-soybean, soybean-corn, and continuous 
soybeans. Each treatment was replicated four times in a split-plot design with tillage as 
the block and cropping system as the plot. The tilth index for each plot was calculated 
and crop yield measured. 
Com 
Mean values of tilth index and com yield; and ANOVA F-statistic for different 
tillage and rotation treatments are presented in Table 6. The tilth indices of individual 
plots ranged from 0.83 to 0.91. Mean values of tilth index were highest for chisel plow 
among all the tillage systems. Next in decreasing order of tilth index were moldboard 
plow and no-tillage systems. Mean value of chisel plow system was significantly 
different from no-tillage. A corn-soybean rotation provided slightly higher tilth index 
than continuous com but the difference was statistically nonsignificant. 
The com yields of individual plots ranged from 6.4 Mg/ha to 10.3 Mg/ha. Mean 
values of com yield followed a trend similar to the tilth index except the differences in 
com yield from the two rotations were significantly different from each other. The 
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Table 6. Mean values' of tilth index and com yield; and ANOVA F-statistic, for 
different tillage and rotation treatments for com at Waseca in 1989 
Tillage Tilth index^ Com yield^ (Mg/ha) 
Chisel plow 
Moldboard plow 
No-tillage 
0.878' 
0.869'^ 
0.858 " 
8.76' 
8.34'^ 
7.95 '• 
Rotation Tilth index^ Com yield' (Mg/ha) 
Corn-soybean 
Continuous com 
0.871' 
0.865' 
8.88' 
l.%2^ 
Parameter F value PR > F 
Tilth index 
Tillage 
Rotation 
Tillage*Rotation 
Com yield 
Tillage 
Rotation 
Tillage*Rotation 
6.09 
0.95 
0.25 
3.88 
7.74 
0.34 
0.0359 
0.3556 
0.7828 
0.0827 
0.0213 
0.7182 
' Means with the same letter are not significantly different at the 0.05 probability 
level (comparisons made in the column). 
^ Average of 8 measurements. 
' Average of 12 measurements. 
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coefficients of determination (r^) between com yield and tilth index were 0.74 and 0.75, 
respectively, for continuous com and corn-soybean rotation. 
Soybean 
Mean values of tilth index and soybean yield; and ANOVA F-statistic for different 
tillage and rotation treatments are presented in Table 7. The tilth indices of individual 
plots ranged from 0.81 to 0.91. Mean values of tilth index were highest for chisel plow 
among all the tillage systems. Next in decreasing order of tilth index were moldboard 
plow and no-tillage systems. Mean value of chisel plow system was significantly 
different from no-tillage. A soybean-com rotation provided significantly higher tilth 
index than continuous soybeans. 
The soybean yields of individual plots ranged from 1.5 Mg/ha to 3.2 Mg/ha. 
Mean values of soybean yield followed trend similar to tilth index. Mean value of 
soybean yield for chisel plow system was significantly different from moldboard plow and 
no-tillage systems. A soybean-com rotation produced a significantly higher soybean yield 
than continuous soybeans. The coefficients of determination (r^) between soybean yield 
and tilth index were 0.64 and 0.80, respectively, for continuous soybeans and soybean-
com rotation. 
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Table 7. Mean values' of tilth index and soybean yield; and ANOVA F-statistic, for 
different tillage and rotation treatments for soybean at Waseca in 1989 
Tillage Tilth index^ Soybean yield^ (Mg/ha) 
Chisel plow 
Moldboard plow 
No-tillage 
0.885' 
0.869'" 
0.861 " 
2.73' 
2.39" 
2.18" 
Rotation Tilth index' Soybean yield' (Mg/ha) 
Soybean-corn 
Continuous soybean 
0.886' 
0.858 " 
2.84' 
2.02" 
Parameter F value PR > F 
Tilth index 
Tillage 
Rotation 
Tillage*Rotation 
Com yield 
Tillage 
Rotation 
Tillage*Rotation 
6.02 
19.93 
1.88 
9.33 
73.69 
1.38 
0.0368 
0.0016 
0.2080 
0.0144 
0.0001 
0.3010 
' Means with the same letter are not significantly different at the 0.05 probability 
level (comparisons made in the column). 
^ Average of 8 measurements. 
' Average of 12 measurements. 
58 
COMPARISON OF TILTH INDEX WITH MODIFIED PRODUCTIVITY INDEX 
A comparison of the values of coefficient of determination (r^) between proposed 
tilth index and crop yield, and between modified productivity index (Pierce et al., 1983) 
and crop yield is presented in Table 8. It can be observed that the tilth index provided 
better correlations with crop yield as compared to the productivity index. 
The productivity index was calculated by using the values of bulk density, 
available water capacity, and pH. The available water capacity as used by Pierce et al. 
(1983) was based on texture and was intended to be taken from soil description databases. 
Here, bulk density was the only variable modified by the differences in tillage and 
rotation practices used in these tests. The tilth index was calculated by using the values 
of, cone index, uniformity coefficient, organic matter content, and plasticity index. In 
this case, bulk density, cone index, and uniformity coefficient were the variables 
modified by the differences in tillage and rotation practices used in these tests. Both pH 
and organic matter content may be modified in intermediate terms under these conditions. 
The tilth index was more responsive to tillage than the productivity index. The tilth 
index provides the tilth status of a soil at any time so that possible measures may be 
undertaken to sustain and maintain the tilth. 
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Table 8. Values of the coefficient of determination (i^) between tilth index and crop 
yield, and between modified productivity index and crop yield, for different 
locations 
Location Tilth index Productivity index 
Near Ames, Iowa (1989) 
Continuous com rotation 0.78 0,62 
Corn-soybean rotation (com) 0.86 0.68 
Near Ames, Iowa (1990) 
Continuous com rotation 
Before tillage 0.68 * 
After disking 0.30 * 
After field cultivating 0.49 * 
After planting 0.76 0.0002 
Before harvesting 0.66 0.35 
Corn-soybean rotation (soybean) 
Before tillage 0.32 • 
After disking 0.78 * 
After field cultivating 0.48 * 
After planting 0.36 * 
Before harvesting 0.15 0.35 
Near Waseca, Minnesota (1989) 
Continuous soybeans 0.64 0.50 
Continuous com 0.74 0.68 
Com-soybean rotation (soybean) 0.80 0.34 
Com-soybean rotation (com) 0.75 0.06 
* r^ could not be calculated as productivity index for each of the treatments 
included in this grouping was unity. 
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SUMMARY AND CONCLUSIONS 
Tilth has traditionally been a matter of opinion, it was not something one could 
measure, or assign a numeric value. In this study, a method to calculate a tilth index, 
ranging from 0 for plant unusable conditions to 1 for the nonlimiting soil tilth, has been 
proposed. The tilth index is an approach to quantify soil tilth, using five soil physical 
parameters (bulk density, cone index, uniformity coefficient, organic matter, and 
plasticity index). The tilth index provides a quantitative measure of the tilth status of the 
soil at a particular time so that specific measures may be undertaken to maintain or 
sustain the tilth. 
A field study was conducted, near Ames, Iowa, to determine the effects of tillage 
systems (moldboard plow, chisel plow, till plant, spring disk, and slot plant ridge) and 
sampling times (before tillage, after disking, after field cultivating, after planting, and 
before harvesting) on soil tilth index and crop yields, under two crop rotations 
(continuous com and corn-soybean). Tlie soils were of Clarion-Nicollet-Webster Soil 
Association. For each tillage system a tilth index was calculated and crop yield 
measured. In 1989, the tilth indices were comparable between the two rotations and 
ranged from 0.66 to 0.92. Com yields were higher in the corn-soybean rotation field for 
all tillage treatments. Positive correlations were obtained between tilth index and crop 
yield. The values of the coefficient of determination (r^) were 0.78 and 0.86 in 
continuous com and com-soybean rotation, respectively. Therefore, a better tilth index 
indicated a better crop yield. Though the moldboard plow system provided, in general, 
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the highest tilth index and crop yield in both rotations, the slot plant ridge system 
provided an almost comparable tilth index and crop yield in a corn-soybean rotation. 
In 1990, the effects of tillage system and sampling time on tilth index were highly 
significant. The effect of tillage system on crop yield was also highly significant. The 
tilth index was increased by tillage and planting operations and then decreased with time 
until harvest. Best correlations (r^ = 0.78 and 0.76, respectively) were obtained between 
crop yield and tilth index measured after tillage in the corn-soybean rotation and after 
planting in continuous com. 
In a similar field study, near Waseca, Minnesota in 1989, a chisel plow system 
provided the highest tilth index and crop yield in both com and soybean fields. Next in 
decreasing order of tilth index and crop yield were moldboard plow and no-tillage 
systems. Mean values of chisel plow system were significantly different from no-tillage. 
In general, a corn-soybean rotation provided higher tilth index and crop yield as 
compared to continuous corn/soybeans. These differences were statistically significant 
except for tilth index in com. The values of r^ between tilth index and com yield were 
0.74 and 0.75, respectively, for continuous com and com-soybean rotation. The values 
of H between tilth index and soybean yield were 0.64 and 0.80, respectively, for 
continuous soybeans and soybean-com rotation. 
The tilth index was more responsive to tillage and provided better correlations 
with crop yield as compared to the modified productivity index developed by Pierce et al, 
(1983). 
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This was the first attempt to quantify soil tilth. The choice of the parameters 
should be further investigated. The relations were tested on a limited amount of data 
from two locations and should be used as an initial guideline. Attempts should be made 
to generalize the relations by extensive data collection over a wide range of soil, climatic, 
and management conditions. 
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APPENDIX A 
Table A-1. Analysis of variance of tilth indices and com yields for different tillage 
and replication treatments for continuous com rotation in 1989 
Tilth index 
Source of variation d.f. 
Model 7 
Tillage 4 
Replication 3 
Error 12 
Corrected total 19 
SS F value PR > F 
0.028585 1.42 0.2813 
0.023650 2.06 0.1491 
0.004935 0.57 0.6429 
0.034390 
0.062975 
Com yield 
Source of variation d.f. SS F value PR > 
Model 7 7.65 2.36 0.0918 
Tillage 4 6.98 3.76 0.0331 
Replication 3 0.67 0.48 0.6997 
Error 12 5.56 
Corrected total 19 13.21 
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Table A-2, Average soil properties, tilth indices, and com yields for different tillage 
and replication treatments for continuous com rotation in 1989 
Location Moisture Bulk Cone Uniformity Tilth Actual 
Content Density Index Coefficient Index Yield 
(g/g) (Mg/m') (MPa) (Mg/ha) 
I * * * * * ** 
CP - 1 0.133 1.50 3.10 4.95 0.76 8.02 
TP - 1 0.161 1.57 1.39 3.86 0.78 8.08 
SPR - 1 0.158 1.52 2.24 4.95 0.82 7.25 
MBP - 1 0.133 1.48 1.91 4.95 0.82 8.33 
SD - 1 0.120 1.57 2.12 4.71 0.77 6.87 
SD - 2 0.147 1.57 2.47 4.71 0.76 7.57 
MBP - 2 0.136 1.45 1.81 4.95 0.86 8.53 
TP - 2 0.250 1.21 1.49 3.86 0.86 8.53 
CP - 2 0.128 1.60 1.66 4.95 0.78 8.08 
SPR - 2 0.141 1.54 2.39 4.95 0.79 7.70 
TP - 3 0.201 1.44 2.48 3.86 0.79 8.02 
SPR - 3 0.177 1.51 2.38 4.95 0.82 8.08 
SD - 3 0.153 1.55 2.63 4.71 0.78 7.51 
MBP - 3 0.211 1.38 1.33 4.95 0.90 9.10 
CP - 3 0.176 1.47 1.23 4.95 0.88 8.33 
SPR - 4 0.117 1.70 2.14 4.95 0.66 5.47 
MBP - 4 0.239 1.44 1.21 4.95 0.90 9.23 
CP - 4 0.236 1.36 2.39 4.95 0.87 8.84 
TP - 4 0.210 1.30 1.61 3.86 0.83 8.33 
SD - 4 0.195 1.49 2.39 4.71 0.82 8.33 
' SPR, SD, TP, MBP, and CP, are slot plant ridge, spring disk, till plant, 
moldboard plow, and chisel plow, respectively; and 1, 2, 3, and 4, are first, second, 
third, and fourth replication, respectively. 
* Average of four measurements. 
** Average of three measurements. 
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Table A-3. Analysis of variance of tilth indices and com yields for different tillage 
and replication treatments for corn-soybean rotation in 1989 
Tilth index 
Source of variation d.f. SS F value PR > F 
Model 7 0.046625 1.33 0.3164 
Tillage 4 0.039970 2.00 0.1592 
Replication 3 0.006655 0.44 0.7265 
Error 12 0.060070 
Corrected total 19 0.106695 
Ççm yiçld 
Source of variation d.f. SS F value PR > F 
Model 7 1.73 1.58 0.2319 
Tillage 4 1.00 1.61 0.2351 
Replication 3 0.72 1.54 0.2548 
Error 12 1.87 
Corrected total 19 3.60 
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Table A-4. Average soil properties, tilth indices, and com yields for different tillage 
and replication treatments for com-soybean rotation in 1989 
Location Moisture Bulk Cone Uniformity Tilth Actual 
Content Density Index Coefficient Index Yield 
(g/g) (Mg/m^) (MPa) (Mg/ha) 
I * * * * * ** 
SD - I 0.208 1.52 2.25 4.48 0.80 8.84 
CP - 1 0.200 1.53 2.42 3.67 0.76 8.65 
TP - 1 0.243 1.25 1,30 4.95 0.92 9.61 
MBP - 1 0.220 1.34 1.34 4.71 0.91 9.61 
SPR - 1 0.206 1.46 2.53 4.95 0.80 9.10 
CP - 2 0.155 1.62 2.52 3.67 0.68 8.33 
TP - 2 0.135 1.62 2.14 4.95 0.74 8.46 
MBP - 2 0.139 1.48 2.00 4.71 0.83 8.72 
SD - 2 0.121 1.51 2,91 4.48 0.79 8.53 
SPR - 2 0.194 1.33 1.48 4.95 0.90 9.29 
TP - 3 0,152 1.45 2.58 4.95 0.83 8.78 
CP - 3 0.136 1.64 2.71 3.67 0.66 8.02 
SPR - 3 0.121 1.43 2.76 4.95 0.85 8.91 
MBP - 3 0.136 1.40 2.60 4.71 0.84 8.78 
SD - 3 0.159 1.41 1.63 4.48 0.87 9.23 
MBP - 4 0.186 1.50 1.70 4.71 0.79 8.97 
S D - 4  0.128 1.67 2.22 4.48 0.68 8.08 
TP - 4 0.186 1.26 1.67 4.95 0.87 9.23 
CP - 4 0.188 1.38 2.04 3.67 0.83 8.97 
SPR - 4 0.161 1.44 2.69 4.95 0.84 8.84 
' SPR, SD, TP, MBP, and CP, are slot plant ridge, spring disk, till plant, 
moldboard plow, and chisel plow, respectively; and 1, 2, 3, and 4, are first, second, 
third, and fourth replication, respectively. 
* Average of four measurements. 
** Average of three measurements. 
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Table A-5. Analysis of variance of tilth indices and com yields for different tillage 
and sampling times for continuous com rotation in 1990 
Tilth index 
Source of variation d.f. SS F value PR > F 
Model 35 0.0470 13.09 0.0001 
Tillage 4 0.0239 11.78 0.0004 
Replication 3 0.0010 
Tillage*Replication 12 0.0061 
Time 4 0.0063 15.35 0.0001 
Tillage*Time 12 0.0021 1.74 0.0873 
Error 48 0.0049 
Corrected total 83 0.0520 
Com vield 
Source of variation d.f. SS F value PR > F 
Model 7 15.87 2.71 0.0620 
Tillage 4 12.94 3.87 0.0303 
Replication 3 2.93 1.17 0.3630 
Error 12 10.03 
Corrected total 19 25.90 
Table A-6. Effect of tillage and time on tilth index and com yield in continuous com 
rotation in 1990 
Location TI(BT)' TI(AD)' TI(AFC)' TI(AP)' TI(BH)' Tillage CY' 
^ mean 
CP - 1 0.89 0.93 0.92 0.92 0.89 0.91 7.89 
TP - 1 0.87 * * 0.87 0.88 0.87 6.68 
SPR - I 0.87 * * 0.88 0.88 0.88 7.19 
MBP - 1 0.89 0.93 0.93 0.93 0.91 0.92 9.22 
SD - 1 0.88 0.91 0.90 0.89 0.89 0.89 8.14 
SD - 2 0.87 0.89 0.88 0.87 0.91 0.88 7.38 
MBP - 2 0.91 0.93 0.93 0.94 0.92 0.93 9.41 
TP - 2 0.87 * * 0.89 0.88 0.88 8.20 
CP - 2 0.89 0.93 0.91 0.93 0.92 0.92 8.90 
S P R  - 2  0.89 m * 0,91 0.89 0.90 8.65 
TP - 3 0.87 * * 0.87 0.88 0.87 7.38 
SPR - 3 0.85 * * 0.87 0.88 0.87 7.50 
SD - 3 0.87 0.89 0.89 0.91 0.91 0.89 8.27 
CP - 3 0.89 0.92 0.92 0.91 0.91 0.91 8.33 
MBP - 3 0.91 0.94 0.94 0.94 0.92 0.93 10.37 
SPR - 4 0.84 « * 0.84 0.84 0.84 4.64 
MBP - 4 0.89 0.91 0.94 0.94 0.92 0.92 8.58 
C P  - 4  0.91 0.91 0.93 0.92 0.89 0.91 8.14 
TP - 4 0.88 * * 0.88 0.88 0.88 8.01 
S D  - 4  0.88 0.91 0.91 0.92 0.89 0.90 8.52 
' TI(BT), TI(AD), TI(AFC), TI(AP), and TI(BH), are the tilth indices before 
tillage, after disking, after field cultivating, after planting, and before harvesting, 
respectively; and CY is com yield (Mg/ha). 
^ SPR, SD, TP, MBP, and CP, are slot plant ridge, spring disk, till plant, 
moldboard plow, and chisel plow, respectively; and 1, 2, 3, and 4, are first, second, 
third, and fourth replications, respectively. 
• Samples were not taken. 
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Table A-7. Analysis of variance of tilth indices and soybean yields for different 
tillage and sampling times for corn-soybean rotation in 1990 
Tilth index 
Source of variation d.f. SS F value PR > F 
Model 35 0.0337 4.06 0.0001 
Tillage 4 0.0118 9.70 0.0010 
Replication 3 0.0031 
Ti llage*Replication 12 0.0036 
Time 4 0.0122 12.84 0.0001 
Tillage*Time 12 0.0025 0.87 0.5833 
Error 48 0.0114 
Corrected total 83 0.0451 
Soybean yield 
Source of variation d.f. SS F value PR > F 
Model 7 1.57 3.41 0.0303 
Tillage 4 1.01 3.84 0.0311 
Replication 3 0.56 2.83 0.0832 
Error 12 0.79 
Corrected total 19 2.36 
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Table A-8. Effect of tillage and time on tilth index and soybean yield in com-
soybean rotation in 1990 
Location TI(BT)' TI(AD)' TI(AFC)' TI(AP)' TI(BH)' Tillage CY' 
^ mean 
SD - 1 0.84 0.88 0.91 0.91 0.89 0.89 2.42 
CP - 1 0.87 0.91 0.89 0.91 0.92 0.90 2.73 
TP - I 0.88 * * 0.89 0.91 0.89 3.18 
MBP - 1 0.88 0.93 0.93 0.93 0.93 0.92 2.99 
SPR - 1 0.85 * « 0.88 0.92 0.88 2.48 
C P - 2  0.87 0.88 0.93 0.91 0.90 0.90 2.54 
TP - 2 0.89 * * 0.93 0.91 0.91 3.24 
MBP - 2 0.91 0.94 0.94 0.94 0.92 0.93 3.31 
SD - 2 0.89 0.92 0.91 0.93 0.90 0.91 3.24 
SPR - 2 0.91 « « 0.93 0.91 0.92 3.31 
TP - 3 0.88 * * 0.89 0.91 0.89 3.12 
CP - 3 0.87 0.93 0.91 0.91 0.91 0.91 2.80 
SPR - 3 0.91 * * 0.89 0.92 0.91 3.24 
MBP - 3 0.91 0.93 0.94 0.94 0.92 0.93 3.31 
SD - 3 0.89 0.91 0.92 0.91 0.89 0.90 2.86 
MBP - 4 0.89 0.94 0.94 0.94 0.94 0.93 3.24 
S D  - 4  0.91 0.88 0.89 0.89 0.90 0.89 2.10 
TP - 4 0.88 * * 0.92 0.93 0.91 2.93 
CP - 4 0.87 0.89 0.89 0.91 0.85 0.88 2.67 
SPR - 4 0.87 * * 0.89 0.91 0.89 2.93 
' TI(BT), TI(AD), TI(AFC), TI(AP), and TI(BH), are the tilth indices before 
tillage, after disking, after field cultivating, after planting, and before harvesting, 
respectively; and CY is soybean yield (Mg/ha). 
^ SPR, SD, TP, MBP, and CP, are slot plant ridge, spring disk, till plant, 
moldboard plow, and chisel plow, respectively; and 1, 2, 3, and 4, are first, second, 
third, and fourth replications, respectively. 
* Samples were not taken. 
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Table A-9. Analysis of variance of tilth indices and com yields for different tillage 
and rotation treatments for com at Waseca in 1989 
Tilth index 
Source of variation d.f. SS F value PR > F 
Model 14 0.00746 2.47 0.0875 
Tillage 2 0.00161 6.09 0.0359 
Replication 3 0.00475 
Tillage*Replication 6 0.00079 
Rotation 1 0.00020 0.95 0.3556 
Tillage*Rotation 2 0.00011 0.25 0.7828 
Error 9 0.00194 
Corrected total 23 0.00940 
Com yield 
Source of variation d.f. 
Model 14 
Tillage 2 
Replication 3 
Tillage*Replication 6 
Rotation 1 
Tillage*Rotation 2 
Error 9 
Corrected total 23 
SS F value PR > F 
32.58 2.64 0.0736 
2.64 3.88 0.0827 
20.47 
2.04 
6.83 7.74 0.0213 
0.61 0.34 0.7182 
7.94 
40.52 
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Table A-10. Tilth index and corn yield for different tillage and rotation treatments for 
com at Waseca in 1989 
Replication Tillage' Rotation^ Tilth index Com yield (Mg/ha) 
1 CP 2 0.83 6.5 
2 CP 2 0.91 10.0 
3 CP 2 0.89 9.7 
4 CP 2 0.86 6.8 
1 MBP 2 0.87 8.5 
2 MBP 2 0.87 7.2 
3 MBP 2 0.87 8.3 
4 MBP 2 0.85 6.4 
1 NT 2 0.85 6.6 
2 NT 2 0.86 8.5 
3 NT 2 0.88 8.8 
4 NT 2 0.84 6.5 
1 CP 4 0.87 8.9 
2 CP 4 0.90 10.3 
3 CP 4 0.88 9.6 
4 CP 4 0.88 8.3 
1 MBP 4 0.85 7.1 
2 MBP 4 0.89 10.0 
3 MBP 4 0.89 10.3 
4 MBP 4 0.86 8.9 
1 NT 4 0.84 7.9 
2 NT 4 0.88 9.3 
3 NT 4 0.86 9.2 
4 NT 4 0.85 6.8 
' CP, MBP, and NT, respectively, are chisel plow, moldboard plow, and no-
tillage systems. 
^ 2, and 4, respectively, are continuous com and corn-soybean rotation. 
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Table A-11. Analysis of variance of tilth indices and soybean yields for different 
tillage and rotation treatments for soybean at Waseca in 1989 
Tilth index 
; of variation d.f. SS F value PR > F 
Model 14 0.01096 3.24 0.0409 
Tillage 2 0.00236 6.02 0.0368 
Replication 3 0.00170 
Tillage*Replication 6 0.00118 
Rotation 1 0.00482 19.93 0.0016 
Tillage*Rotation 2 0.00091 1.88 0.2080 
Error 9 0.00218 
Corrected total 23 0.01313 
Soybean yield 
Source of variation d.f. SS F value PR > F 
Model 14 6J9 7^98 0.0018 
Tillage 2 1.23 9.33 0.0144 
Replication 3 0.33 
Tillage*Replication 6 0.40 
Rotation 1 4.08 73.69 0.0001 
Tillage*Rotation 2 0.15 1.38 0.3010 
Error 9 0.50 
Corrected total 23 6.69 
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Table A-12. Tilth index and soybean yield for different tillage and rotation treatments 
for soybean at Waseca in 1989 
Replication Tillage' Rotation^ Tilth index Com yield (Mg/ha) 
1 CP 1 0.87 2.4 
2 CP 1 0.85 1.9 
3 CP 1 0.88 2.7 
4 CP 1 0.88 2.5 
1 MBP 1 0.87 2.2 
2 MBP 1 0.84 1.5 
3 MBP 1 0.88 2.4 
4 MBP 1 0.86 2.0 
1 NT 1 0.83 1.7 
2 NT 1 0.81 1.6 
3 NT 1 0.85 1.7 
4 NT 1 0.87 1.6 
1 CP 3 0.90 3.0 
2 CP 3 0.90 3.1 
3 CP 3 0.89 3.2 
4 CP 3 0.91 3.0 
1 MBP 3 0.90 3.2 
2 MBP 3 0.86 2.5 
3 MBP 3 0.86 2.5 
4 MBP 3 0.88 2.8 
1 NT 3 0.87 2.7 
2 NT 3 0.89 2.8 
3 NT 3 0.88 2.5 
4 NT 3 0.89 2.8 
' CP, MBP, and NT, respectively, are chisel plow, moldboard plow, and no-
tillage systems. 
^ 1, and 3, respectively, are continuous soybean and soybean-corn rotation. 
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Figure A-1. Relationship between tilth coefficient and cone index 
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Figure A-2. Relationship between tilth coefficient and organic matter 
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Figure A-3. Relationship between tilth coefficient and uniformity coefficient of soil 
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Figure A-4. Relationship between tilth coefficient and plasticity index 
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SECTION II. DECISION SUPPORT SYSTEM FOR SOIL TILTH ASSESSMENT 
87 
ABSTRACT 
The tilth index provides a quantitative understanding of the tilth status of the soil 
but is difficult to use by farmers and farm managers because it requires lengthy 
calculations using several mathematical relations. A tool to easily provide this expertise 
to farmers, requiring a limited amount of data was, therefore, needed. 
A decision support system for soil tilth assessment (DSSSTA) was designed and 
developed. The system uses the values of five soil physical parameters (bulk density, 
cone index, organic matter, uniformity coefficient, and plasticity index) to calculate a 
numerical tilth index, ranging from 0 for conditions unusable by plants to 1 for 
nonlimiting soil. It also estimates crop yield, reports the tilth status of the soil at a 
particular time, and suggests possible measures for maintaining and/or improving the tilth 
and crop yield. The system provides the farmer with the ability to evaluate the soil 
condition effects of an overall farm plan being considered for the future and to identify 
possible solutions to site-specific soil tilth problems. 
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INTRODUCTION 
Tilth has long been used as a qualitative description of the soil, yet it is poorly 
understood. Tilth is the result of dynamic processes, and therefore, it can be modified. 
The processes affecting tilth are poorly understood, and consequently, developing 
management practices to create desired soil conditions is difficult. Gaining a quantitative 
understanding of soil tilth and determining how tilth can be managed for optimum 
productivity are necessary. 
The assessment of soil tilth levels in farm situations is a challenging task requiring 
considerable effort and expertise. The problems that occur are ill structured requiring the 
use of factual, heuristic, incomplete, and uncertain information for their solutions. 
Farmers and farm managers face many such situations in tilth level assessment and often 
wise decisions have to be made within a short time. What is needed, therefore, is a tool 
to easily provide the expertise to farmers when needed. 
The use of an expert system is ideal for problem solving under such situations. 
Expert systems are computer programs designed to emulate the knowledge and reasoning 
processes human experts would use to solve a problem in their field of expertise. 
Diagnosing problems, selecting alternatives, and planning are some of the problem 
domains in which expert systems can be successfully used. 
The problem of tilth level assessment is a typical agricultural problem. Although 
an experienced person may tell by sight and feel if a soil is in "good" or "poor" tilth, no 
analytical procedure has yet been devised to help farmers assess tilth. In practice tilth 
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levels are often assessed using judgmental or subjective logic. Singh et al. (1990) 
developed a tilth index as an approach to quantifying soil tilth but it is difficult to use by 
farmers because it requires lengthy calculations using several mathematical relations. The 
development of a knowledge-based decision support system can facilitate the solution of 
site-specific soil tilth problems and can be of great assistance to extension workers as 
well as farmers. 
90 
OBJECTIVE 
The objective of this study was to design and develop a knowledge-based decision 
support system for soil tilth assessment, based on the "tilth index" developed by Singh et 
al. (1990), to facilitate the solution of site-specific soil tilth problems. 
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KNOWLEDGE SYSTEMS 
Agricultural Technology Transfer 
Technology transfer from researchers and other information sources to producers 
remains inadequate. In U. S, agriculture, the primary facilitator of knowledge transfer 
has been the Agricultural Extension Service. In the past, this transfer of knowledge has 
been facilitated by using mass media formats ranging from radio and television to 
extension bulletins and specialized magazines and journals. There are two primary 
problems with this approach (Lai et al., 1987). First, it is assumed that the farmer or 
producer has both the time and the knowledge to be able to sort through the vast amount 
of information in order to gather the specific information which is most applicable to the 
problem at hand. This is not always the case. Secondly, mass media formats are brief 
one way communication platforms. Space limitations often prevent the authors from 
presenting the full extent of their knowledge on the subject. This can lead to unanswered 
questions in which the user has no convenient avenue to seek clarifications or additional 
information. Knowledge systems enhance and ease the transfer of knowledge from the 
experts to the users who will benefit most from the knowledge. 
The main objective of agricultural research is to improve the efficiency of 
producers by providing them with valuable information which they need to make cost 
effective production decisions (Smith et al., 1985). The process of knowledge transfer 
from researcher to producer can also be achieved with the development of interactive 
computer based decision support systems (Smith et al., 1985). Such systems use 
92 
knowledge to create valuable information. In order for decision support systems to be an 
effective communications tool, various components such as simulation, information 
analysis, and problem solving models must be integrated within a single framework which 
can be effectively accessed by users with different levels of experience. 
Lai et al. (1987) stated that an effective means of transmitting knowledge from 
technology generator to technology user would be a process that would permit the end 
user to question and seek clarification on the recommendations given. 
Decision Support Systems 
Decision support systems are an emerging area of research. They combine 
database management systems and the branch of artificial intelligence known as 
knowledge representation (Beck, 1988). According to Barrett and Beerel (1988), 
conventional computing is concerned with handling information which might subsequently 
be used in the decision making process. Data processing organises data and transforms it 
from one form into another. Here, information is still at a very basic level. Decision 
support builds on this by allowing the manager to view data at a level which is 
convenient to the individual. 
Producers can use decision support systems to analyze and help solve agricultural 
problems (Smith et al., 1985). A decision support system should be able to provide 
appropriate information to decision makers in order for them to operate 
from a wider knowledge base than they do at present. 
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Expçrt 
Decision support systems may include expert systems. An expert system is a 
computer program that enables a computer to mimic the logic of an expert in diagnosing 
problems, selecting alternatives, giving recommendations, and managing operational 
systems. Expert systems help alleviate some of the difficulties of using decision support 
systems with a non-expert client. The biggest barrier to agricultural productivity is the 
knowledge gap that lies between researchers and farmers. An expert system approach is 
ultimately an excellent way to remove this obstacle (Rudd et al., 1986). Expert systems 
may be used to enhance the capabilities of the researchers and others responsible for the 
technology transfer process (Lai et al., 1987). 
The area with the highest potential for applying knowledge systems for knowledge 
and technology transfer is in the area of hybrid systems (Whittaker and Thieme, 1989). 
Here, the combination of knowledge system techniques with conventional applications 
(e.g. mathematical models, simulations, databases) will increase the audience which uses 
these applications by making them easier to use and interpret. The use of these 
applications will also be improved by reducing the probability that the applications will be 
used inappropriately. Of these hybrid applications, the combination of knowledge system 
techniques with simulation models is the most promising for agricultural decision making 
at the whole farm level. 
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Knowledge-Based Simulation 
Because of the complexity and the stochastic nature of agricultural production 
systems, exact analytical solutions using mathematical modeling techniques are not 
usually possible. To produce results with mathematical models, the actual system must 
be simplified, using assumptions, to form a system which is finite and solvable with the 
model. An alternative to trying to simplify the system is to employ simulation techniques 
which allow the system to be modeled with the desired level of detail (Freeman et al., 
1990). 
Using a hybrid system approach, a simulation model can be used to develop the 
data which is then used by an expert system. Expertise is often needed to interpret the 
results of a simulation model (or mathematical model) (Kline, 1987). An expert system 
could be used to interpret the results for the end user, thus giving the user a higher level 
of knowledge without depending on the presence of (an often expensive and scarce) 
human expert. This kind of hybrid system can effectively transform a simulation, which 
would otherwise be just a data generator, into a solution generator (Whittaker and 
Thieme, 1989). Knowledge system techniques could also be used to help set the 
simulation parameters when working with missing or uncertain information, to select the 
alternatives which should be explored by the simulation model, to optimize the model 
using heuristics, and to help users choose the correct model for their specific situation 
(Beck and Jones, 1989). 
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Object-Oriented Programming 
Object-oriented programming is a programming paradigm distinguished by its 
representation of the relationship between data and programs (Engel et al., 1989). Unlike 
more traditional programming paradigms which are based on data flow or mathematical 
logic, object-oriented programming directly models the application (Thomas, 1989). 
Object-oriented programs perform computations by passing messages between objects 
which are analogous to entities in the real world. In traditional programming paradigms, 
data and procedures are separate concepts. The programmer has the responsibility of 
applying active procedures to passive data and at the same time ensuring that the 
procedures will work correctly for the specific data type to which they are being applied. 
Object-oriented programming, by contrast, does not view objects as passive data 
structures, but rather as a combination of data and the methods used to manipulate the 
data. 
McKinion and Lemmon (1985) discussed the role of expert system technology in 
agriculture. A promising opportunity for using expert system technology in agriculture is 
with integrated crop management. Expert systems would take the form of integrated crop 
management decision aids which would encompass such disciplines as soil tilth 
assessment, cultivation, irrigation, nutritional problems, fertilization, weed control, 
herbicide application, insect control, and insecticide and/or nematicide application. 
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KNOWLEDGE ACQUISITION 
Knowledge acquisition is defined by Jones (1989) as being the process of 
extracting, structuring, and organizing knowledge from an expert source in a manner 
such that it can then be used in a program. This is a concise definition that hides the 
complexity of application. Knowledge acquisition is a difficult task at best. 
Approach 
The approach to soil tilth decision making used in this study is one based on 
knowledge systems techniques. This study is more of a study in knowledge transfer, 
rather than knowledge development. To ensure the success of this knowledge transfer, 
domain experts were chosen with years of experience working with producers to solve 
long term and within season machinery management and soil tilth problems. The 
decision support system described in this study is based on the soil tilth index developed 
by Singh et al. (1990) using the values of five soil parameters. When the values of the 
parameters are unknown, the system selects the values based on expert knowledge and 
experience in the domain area and in interacting with the user. 
Tilth Index 
The methodology described in this section was implemented using the soil tilth 
index. This index would be useful in making decisions about tillage for crop production. 
The tilth coefficients of five soil physical properties (bulk density, cone index, oragnic 
matter, uniformity coefficient, and plasticity index) were chain multiplied to give a single 
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number, defined as the tilth index, ranging from 0 for the plant unusable to 1 for the 
nonlimiting soil. The parameters were normalized in the process of determining the 
coefficients so that each of them ranged between 0 and 1 forcing the resulting index into 
the same range. 
The normalizing process assigned a maximum value of 1 for all values considered 
nonlimiting. For example, the coefficient for bulk density of the soil was assigned a 
value of 1 for all bulk densities less than or equal to 1.3 Mg/m' and a value of 0 for bulk 
densities greater than or equal to 2.1 Mg/m'. Values of bulk density between these 
extremes were assigned values according to a second order equation that decayed from 1 
to 0. At some point below 1.3 Mg/m', such as 1.0 Mg/m\ the values of the coefficient 
could be reduced with some equation if experimental evidence indicates that looser is not 
always better. 
Not all of the minimum values for Singh's equation were 0. The minimum 
coefficient was 0.7 for values of organic matter that were less than or equal to 1 %. Part 
of the technique necessary for constructing a useful tilth index of this type is developing 
appropriate equations to relate values of the parameter to meaningful coefficient values. 
It would also be easy to conceive of different tilth indices for specific uses based on 
different choices of transformation or normalization equations as well as different end 
points for the equations. This would be similar to different statistical tests, such as the 
student t test, or different chemical determination procedures for soil nutrients, such as 
the Bray phosphorus test that must be identified to be meaningful (Colvin et al,, 1990). 
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Singh et al. (1990), while developing the "tilth index" as an approach to 
quantifying soil tilth, proposed that a tilth coefficient corresponding to a soil property 
may be represented by the polynomial relationship 
where CFy = tilth coefficient for the soil property (X), and 
Ao, A,, An = constants. 
The tilth coefficients may be used to calculate the tilth index by way of the 
following equation 
where T1 = tilth Index 
CF = tilth coefficients for each of n soil properties 
Relations between Tilth Coefficient and Soil Properties 
Singh et al. (1990) proposed the following relations to calculate tilth coefficients 
from the values of the soil parameters. 
Bulk density 
CF(BD) = 1.0, for BD <=1.3 Mg/m' ...(3) 
CF(BD) = - 1.5 + 3.87 » BD - 1.5 * BD\ 
CFx = Ao + A, • X + Aj » + ... + A„ • X", ...(1) 
TI = CF, * CF; * ... * CF., . .(2) 
for 1.3 < = BD <=2.1 Mg/m ...(4) 
CF(BD) = 0.0, for BD > = 2.1 Mg/m ...(5) 
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Cone index 
CF(CI) = 1.0, for CI < = 1.0 MPa 
CF(Cl) = 1.012 - 0.002 » CI - 0.01 * Cf, 
for 1.0 <= CI <= 10.0 MPa 
CF(CI) = 0.0, for CI > = 10.0 MPa 
Organic matter content 
CF(OM) = 1.0, for CM >= 5% 
CF(OM) = 0.59 + 0.122 » OM - 0.008 » 0M\ 
for 1 < = OM < —  5 %  
CF(OM) = 0.70, for OM < = 1% 
Uniformity coefficient 
CF(UC) = 1.0, for UC > = 5 
CF(UC) = 0.348 + 0.245 * UC - 0.023 * UC\ 
for 2 < = UC < = 5 
CF(UC) = 0.75, for UC < = 2 
Plasticity index 
CF(PI) = 1.0, for PI < = 15% 
CF(PI) = 1.02 + 0.0009 * PI - 0.00016 » Pl\ 
for 15 < = PI < = 40% 
CF(PI) = 0.80, for PI > = 40% 
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Tilth index provides a simple method of quantifying soil tilth. Singh et al. (1990) 
proposed that a tilth index in the range of 0.8 to 1.0 would be optimal for crop 
production and that one less than 0.5 would be poor. 
Singh et al. (1990) proposed that the plant growth or crop yield can be used as an 
indicator of soil tilth. They defined a new term called relative crop yield (RCY) as a 
ratio of estimated and potential yields. The potential yield is the yield that can be 
obtained under a high level of management. Tilth indices of 0 and 1 were assumed to 
provide relative crop yields of 0% and 100%, respectively. 
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DEVELOPMENT PROCESS 
The development process of the decision support system for soil tilth assessment 
(DSSSTA) followed the steps described by Waterman (1986). The development stages 
were; identification and characterization of the problem, conceptualization, 
formalization, implementation, and testing. 
During the identification and characterization stage, the resources, problem 
characteristics and objectives were identified. The Turbopascal version 4.0 was selected 
to develop the knowledge system after examining the problem characteristics and delivery 
requirements. A desktop computer was used for the knowledge system development. 
The target machine for delivery of the system was an IBM compatible personal computer. 
During the conceptualization stage, the key concepts of soil tilth index and 
relations were discerned. The knowledge and problem solving methodology were 
extracted from the "Tilth index: an approach to quantifying soil tilth" (Singh et al., 
1990). 
In the formalization stage, the key concepts of soil tilth index and relations were 
represented in a way that they could be implemented in Turbopascal. During the 
implementation stage, these concepts were entered into Turbopascal to produce a working 
prototype. Knowledge concerning DSSSTA was coded in the form of if-then rules 
(Appendix B). 
In the testing stage of development, the performance and utility of the knowledge 
system were established. The testing stage included verification, validation, and overall 
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evaluation. Verification proved the models within the program were true relations and 
ensured the experts' knowledge was accurately mimicked. Validation determined the 
correctness of the expert system on a case-by-case basis. The following were areas of 
concern during validation; (a) correctness, consistency, and completeness of the rules; 
(b) ability of the control strategy to consider information in the order that corresponds to 
the experts' problem solving process; (c) appropriateness of information concerning how 
conclusions were reached and why certain information was required. 
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EXAMPLE RUN 
The following section contains an example run from the decision support system 
for soil tilth assessment (DSSSTA). 
WELCOME TO TILTH INDEX 
K. K. Singh and T, S. Colvin 
National Soil Tilth Laboratory 
Ames, Iowa 50011 
This program calculates the tilth index of a soil, 
ranging from 0 for plant unusable conditions to 1 
for nonlimiting soil, and estimates crop yields 
as a percent of potential yield. The value of 
the potential yield which may be expected under 
a high level of management, may be obtained from 
the Soil Survey Reports published by USDA-Soil 
Conservation Service. When the values of some of 
the parameters are unknown, the program estimates the 
values based on the experts' knowledge and experience 
and in interacting with the user. The program is not 
intended to be used when estimates of values of all 
the parameters are needed. 
Press any key to continue. 
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BULK DENSITY 
Bulk density is the mass of a unit volume of dry soil. An "ideal soil" 
contains about 50% solid particles and 50% pore space, by volume. The 
bulk density of such a nonlimiting mineral soil is about 1.3 Mg/m*3. 
The bulk density of the soil, unusable by plants, was selected equal 
to 2.1 Mg/m*3. The term coarse-textured refers to sands and sandy 
loams, whereas fine-textured refers to silt loams and clays. 
Do you have a value? (Y/N) 
Please enter your value of bulk density: (If the answer was Y) 
Please describe your soil: (if the answer was N) 
1. Coarse-textured and very compact 
2. Coarse-textured and medium compact 
3. Coarse-textured and very loose 
4. Fine-textured and very compact 
5. Fine-textured and medium compact 
6. Fine-textured and very loose 
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CONE INDEX 
Cone index is a measure of soil strength and indicates the ability of 
roots to penetrate it. The nonlimiting and plant unusable values of 
cone index were selected as 1 and 10 MPa, respectively. The term 
coarse-textured refers to sands and sandy loams, whereas fine-textured 
refers to silt loams and clays. 
Do you have a value? (Y/N) 
Please enter your value of cone index: (if the answer was Y) 
Please describe your soil: (if the answer was N) 
1. Coarse-textured and high strength 
2. Coarse-textured and medium strength 
3. Coarse-textured and low strength 
4. Fine-textured and high strength 
5. Fine-textured and medium strength 
6. Fine-textured and low strength 
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ORGANIC MATTER 
Organic matter, which is found mostly in the upper soil layers, 
supplies plant nutrients and simultaneously promotes soil physical 
properties favorable to plant growth. Soil conditions are ideal 
for plant growth when there are by volume 50% solid particles, 
including 45% mineral matter and 5% organic matter. The nonlimiting 
and plant unusable values of the organic matter were selected as 5% 
and 1 % (by weight), respectively. 
Do you have a value? (Y/N) 
Please enter your value of organic matter: (if the answer was Y) 
Please describe color of your soil: (if the answer was N) 
1. Black 
2. Dark grey/brown 
3. Light grey/brown 
4. White/yellow 
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UNIFORMITY COEFFICIENT 
A soil that is well-graded has a fairly high ratio of D_60 to D_10. 
D_60 and D_10 are values that equate to the soil diameter of 
which 60% and 10% (respectively) of the soil mass is finer. This 
ratio is defined as the Uniformity Coefficient (UC). For a soil 
that consists entirely of identical grains (or at least grains 
with identical diameters), the UC approaches one. For a well-
graded soil, however, a ratio of 4 or 6 would be considered 
normal. The nonlimiting and plant unusable values of the UC 
were selected as 5 and 2, respectively. The UC is not texture 
and may be changed by tillage operations. The textural 
information is being used to estimate the value of the UC. 
Do you have a value? (Y/N) 
Please enter your value of uniformity coefficient (if the answer was Y) 
Please describe texture of your soil: (if the answer was N) 
1. Sand 
2. Sandy loam 
3. Silt loam 
4. Silty clay loam 
5. Loam 
6. Silty clay 
7. Clay loam 
8. Silt 
9. Clay 
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PLASTICITY INDEX 
Plasticity index is both the difference in moisture contents 
between the liquid limit and the plastic limit of the soil, 
and a measure of the cohesive property of the soil. This 
index relates to soil texture. The nonlimiting and plant 
unusable values of the plasticity index were selected as 15% 
and 40%, respectively. 
Do you have a value? (Y/N) 
Please enter your value of plasticity index: (if the answer was Y) 
Please describe texture of your soil: (if the answer was N) 
1. Sand 
2. Sandy loam 
3. Silt loam 
4. Silty clay loam 
5. Loam 
6. Silty clay 
7. Clay loam 
8. Silt 
9. Clay 
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RESULTS 
Soil parameter Value of parameter Tilth coefficient 
Bulk Density: 
Cone Index: 
Organic Matter: 
1.69 
2.95 
3.67 
0.76 
0.92 
0.93 
0.92 
0.90 
Uniformity Coefficient; 3.49 
Plasticity Index: 30.0 
NOTE: A shows that value is out of specified range. 
The TILTH INDEX of your soil would be: 0.54 
The ESTIMATED CROP YIELD of your soil would be: 53.8%. 
Your soil has POOR tilth and needs improvement. 
Press any key for suggestions for tilth improvement.. 
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SUGGESTIONS 
* Manage your soil to reduce compaction. 
* Avoid unnecessary traffic over the soil, 
* Use equipment exerting least pressure. 
* Keep soil covered with residue. 
* Use green manure crops. 
* Add organic matter. 
* Work soil at proper moisture. 
* Manage soil to fit texture. 
Press any key to return to Turbopascal. 
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CONCLUSIONS 
A decision support system for soil tilth assessment (DSSSTA) was designed and 
developed. The system uses the values of five soil parameters (bulk density, cone index, 
uniformity coefficient, organic matter, and plasticity index) and calculates the tilth index 
of a soil, ranging from 0 for the conditions unusable by plants to 1 for nonlimiting soil, 
and estimate crop yields as a percent of potential yield which may be expected under a 
high level of management. The value of the potential yield may be obtained from the 
Soil Survey Reports published by USDA-Soil Conservation Service. This tool is based 
upon research on Webster silty clay loam and Clarion loam soils, near Ames, Iowa. 
When the values of some of the parameters are unknown, the program estimates the 
values based on the experts' knowledge and experience and in interacting with the user. 
The program is not intended to be used when estimates of values of all the parameters are 
needed. The system provides a quantitative understanding of the tilth status of a soil at a 
particular time so that specific measures may be undertaken to maintain and/or improve 
the tilth and crop yield. The system also provides the farmer with the ability to evaluate 
the physical feasibility of an overall farm plan being considered for the future and 
identifying possible solutions to site-specific soil tilth problems. 
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APPENDIX B. COMPUTER PROGRAM FOR DECISION SUPPORT SYSTEM 
Program Tilth lndex; 
uses crt; 
const 
n = 5; 
var 
ti: real; 
max,min,a,b,c: array[l..n] of real; 
of: array[l..n] of real; 
z: char; 
g: string[4]; 
i,j,k: integer; 
correct: boolean; 
trey; real; 
factor: array[1..4] of real; 
procedure initialize; { Clears all the variables } 
begin 
ti:=0; 
for i: = 1 to n do cfti]: =0; 
end; 
procedure checkyesno; { Workhorse subroutine that checks for a yes or 
no input. } 
begin 
repeat 
z:=readkey; 
until (z in ['Y','y','N','n']); 
end; 
115 
procedure inputdata(var r: real; g: string); { For entering actual values. } 
begin 
correct: = false; 
gotoxy(l,19); write('Do you have a value? (Y/N) '); 
repeat 
z: =readkey; 
if (z='Y') or (z='y') then 
begin 
gotoxy(l,20); 
write('Please enter your value for ',g,': '); 
readln(r); 
correct; =true; 
end; 
until (z in ['Y','y','N','n']); 
procedure readBulkDensity; { Reads Bulk Density. } 
begin 
clrscr; 
max[l]: = 1.3; 
min[l]:=2.1; 
a[l]:=-1.5; 
b[l]:=3,87; 
c[l]:=-1.5; 
WritelnCBULK DENSITY. '); 
writeln; 
writeln('Bulk Density is the mass of a unit volume of dry soil. An "ideal soil"'); 
writeln('contains about 50% solid particles and 50% pore space, by volume. 
The'); 
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writeln('bulk density of such a mineral soil is about 1.3 Mg/m'^3. The bulk 
density '); 
writeln('of the soil, unusable by plants, was selected equal to 2.1 Mg/m^3. The 
writeln(*term coarse-textured refers to sands and sandy loams, whereas 
fine-textured '); 
writeln('refers to silt loams and clays. '); 
inputdata(cftl],'Bulk Density'); 
if correct=false then begin 
cfll]: = 1.3; 
gotoxy(40,13); writeln('l. 
gotoxy(40,14); writeln('2. 
gotoxy(40,15); writeln('3. 
gotoxy(40,16); writeln('4, 
gotoxy(40,17); writeln('5. 
gotoxy(40,18); writeln('6. 
gotoxy(40,ll); 
writeC Please describe your 
readln(g); 
val(g,i,k); 
if = 1 then cf[l]: = 1.65 
if =2 then cfll]: = 1.50 
if =3 then cfll]: = 1.35 
if =4 then cfll]: = 1.90 
if =5 then cftl]: = 1.50 
if — 6  then cftl]: = 1.15 
end; 
end; 
procedure ReadConelndex; { Reads Cone Index. } 
begin 
clrscr; 
max[2]: = 1.0; 
min[2]: = 10.0; 
Coarse-textured and very compact'); 
Coarse-textured and medium compact'); 
Coarse-textured and very loose'); 
Fine-textured and very compact'); 
Fine-textured and medium compact'); 
Fine-textured and very loose'); 
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a[2]: = 1.012; 
b[2]: =-0.002; 
c[2]:=-0.01; 
writelnCCONE INDEX.'); 
writeln; 
writeln('Cone Index is a measure of soil strength and indicates the ability of); 
writeln('roots to penetrate it. The nonlimiting and plant unusable values of); 
writeln('cone index were selected as 1 and 10 MPa, respectively. The term'); 
writeln('coarse-textured refers to sands and sandy loams, whereas fine-textured'); 
writeln('refers to silt loams and clays.'); 
inputdata(cf[2],'Cone Index'); 
if correct=false then 
begin 
cf[2]: = 1.0; 
gotoxy(40,13) ; writeln( ' 1. 
gotoxy(40,14); writeln('2. 
gotoxy(40,15) ; writeln( ' 3. 
gotoxy(40,16); writeln('4. 
gotoxy(40,17); writeln('5. 
gotoxy(40,18); writeln('6. 
gotoxy(40,ll); 
write('Please describe your soil; '); 
readln(g); 
val(g,i,k); 
if i = l then cf[2]: =5; 
if  i=2 then cfI2i :=3;  
i f  i=3 then cf[2] :  =  1.5;  
i f  i=4 then cf[2] :  =8;  
i f  i=5 then cf%2]:=3;  
i f  i=6 then cf[2] :  =  l ;  
end; 
end; 
Coarse-textured and high strength'); 
Coarse-textured and medium strength'); 
Coarse-textured and low strength'); 
Fine-textured and high strength'); 
Fine-textured and medium strength'); 
Fine-textured and low strength'); 
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procedure ReadOrganicMatter; { Reads Organic Matter. } 
begin 
clrscr; 
max[3]:=5; 
min[3]: = l; 
a[3]:=0.59; 
b[3]: =0.122; 
c[3]: =-0.008; 
writelnCORGANIC MATTER.'); 
writeln; 
writeln('Organic matter which is found mostly in the upper soil layers,'); 
writeln('supplies plant nutrients and simultaneously promotes soil physical'); 
writelnCproperties favorable to plant growth. Soil conditions are ideal'); 
writeln('for plant growth when there are by volume 50% solid particles, 
including 45%'); 
writeln('mineral matter and 5% organic matter. The nonlimiting and plant 
unusable'); 
writeln('values of the organic matter were selected as 5% and 1%, 
respectively. '); 
inputdata(cft3],'Organic Matter'); 
if correct=false then 
begin 
cf[3]:=5; 
gotoxy(40,15); writelnC 1. Black '); 
gotoxy(40,16); writeln('2. Dark grey/brown '); 
gotoxy(40,17); writeln('3. Light grey/brown '); 
gotoxy(40,18); writeln('4. White/yellow'); 
gotoxy(40,13); 
write('Please describe color of your soil; '); 
readln(g); 
val(g,i,k); 
if i = l then cft3]:=4.5; 
if  i=2 then cf t3] :=3.5:  
i f  i=3 then cfI3] :=2.5;  
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i f  i=4 then cf[3] :  =  1.5;  
end; 
end; 
procedure ReadUniformityCoefficient; { Reads Uniformity Coefficient. } 
begin 
clrscr; 
max[4];=5; 
min[4]:=2; 
a[4]: =0.348; 
b[4]: =0.245; 
c[4]: =-0.023; 
writeln('UNIFORMITY COEFFICIENT. '); 
writeln; 
writeln('A soil that is well-graded has a fairly high ratio of D 60 to D_10. '); 
writeln('D_60 and D 10 are values that equate to the soil diameter of which 60% 
and'); 
writeln('10% (respectively) of the soil mass is finer. This ratio is defined as '); 
writeln('the Uniformity Coefficient (UC). For a soil that consists entirely of '); 
writeln('identical grains (or at least grains with identical diameters), the UC '); 
writeln('approaches one. For a well-graded soil, however, a ratio of 4 or 6 
would '); 
writeln('be considered normal. The nonlimiting and plant unusable values of the 
UC '); 
writeln('were selected as 5 and 2, respectively. The uniformity coefficient is 
not'); 
writeln('texture and may be changed by tillage operations. The textural '); 
writeln('information is being used to estimate the value of the UC, '); 
inputdata(cfI4],'Uniformity Coefficient'); 
if correct=false then 
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begin 
cf[4]:=5; 
gotoxy(40,15); writeln('l. Sand '); 
gotoxy(40,16); writeln(*2. Sandy loam '); 
gotoxy(40,17); writeln('3. Silt loam '); 
gotoxy(40,18); writeln('4. Silty clay loam '); 
gotoxy(40,19); writeln('5. Loam '); 
gotoxy(40,20); writeln('6. Silty clay '); 
gotoxy(40,21); writeln('7. Clay loam '); 
gotoxy(40,22); writeln('8. Silt '); 
gotoxy(40,23); writeln('9. Clay '): 
gotoxy(40,13); 
writeCPlease describe texture of your soil: '); 
readln(g); 
val(g,i,k); 
if i = l then cf[4]:=2; 
if  i=2 then cf[4] :=3;  
i f  i=3 then cf[4] :=4;  
i f  i=4 then cf[4] :=3.5;  
i f  i=5 then cfI4] :=5;  
i f  i=6 then cf[4] :  =2.5;  
if 1 = 1  then cf(4]:=3; 
if  i=8 then cf l4] :=2;  
i f  i=9 then cf[4] :=2;  
end; 
end; 
procedure ReadPlasticitylndex; { Reads Plasticity Index. } 
begin 
clrscr; 
max[5]: = 15; 
min[5]:=40; 
a[5]: = 1.02; 
b[5]: =0.0009; 
c(5]: =-0.00016; 
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writelnCPLASTICITY INDEX.'); 
writeln; 
writeln('Plasticity index is both the difference in moisture contents between the 
writeln('liquid limit and the plastic limit of the soil, and a measure of the 
cohesive'); 
writelnCproperty of the soil. This index relates to soil texture. The nonlimiting 
'); 
writeln('and plant unusable values of the plasticity index were selected as 15% 
and'); 
writeln('40%, respectively.'); 
inputdata(cfI5],'Plasticity Index'); 
if correct=false then 
begin 
cf[5]: = 15; 
gotoxy(40,15); writeln('l. Sand '); 
gotoxy(40,16); writeln('2. Sandy loam '); 
gotoxy(40,17); writeln('3. Silt loam '); 
gotoxy(40,18); writeln('4. Silty clay loam '); 
gotoxy(40,19); writeln('5. Loam '); 
gotoxy(40,20); writeln('6. Silty clay '); 
gotoxy(40,21); writeln('7. Clay loam '); 
gotoxy(40,22); writeln('8. Silt '); 
gotoxy(40,23); writeln('9. Clay '); 
gotoxy(40,13); 
writeCPlease describe texture of your soil: '); 
readln(g); 
val(g,i,k); 
i f  i=l  then cfI5] :=0;  
i f  i=2 then cf[5] :=0;  
i f  i=3 then cf[5] :  =  15;  
i f  i=4 then cf[5] :=30;  
i f  i=5 then cf[5] ;  =  15;  
i f  i=6 then cf[5] :=30;  
i f  i=7 then cf t5] :=30;  
i f  i=8 then cf[5] :=0;  
i f  i=9 then cf[5] :=40;  
end; 
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end; 
procedure endscreensetup; { Writes a lot of the words on the ending screen. } 
begin 
clrscr; 
gotoxy(l,3); 
writeln('Soil parameter Value of parameter Tilth coefficient'); 
gotoxy(l,5); 
writeln('Bulk Density: '); 
writelnfCone Index: '); 
writeln('Organic Matter: '); 
writeln('Uniformity Coefficient: '); 
writeln('Plasticity Index: '); 
writeln; 
writelnC NOTE: A shows that value is out of specified range.'); 
end; 
procedure displayvalues(k: integer); { Writes the values of cf at the specified place. } 
begin 
for i: = l to n do begin 
gotoxy(k,4+i); 
j: = 15; 
str(cfli]: 20: 5,g); 
write(g); 
i f  k<45 then begin i f  min[i]  >  max[i]  then 
if (min[i] <cfli]) or (max[i]>cf[i]) then write('*'); 
if min[i] < max[i] then 
if (max[i] <cfli]) or (min[i]>cf[i]) then write('*'); 
end; 
end; 
123 
end; 
procedure checlcmaxmin(k: integer); 
begin 
if max[k] > min[k] then begin 
if cftk] < min[k] then cftk]:=min[k]; 
if cf[k] > max[k] then cf[k]: =max[k]; 
end; 
if max[k] < min[k] then begin 
if cftk] > min[k] then cf[k]: =min[k]; 
if cf[k] < max[k] then cf[k]: =max[k]; 
end; 
end; 
procedure calculate(k: integer); { Calculates the new cf. } 
begin 
cf[k] : = a[k] H-b[k] •cftk]+c[k] *cf[k] *cftk] ; 
end; 
begin 
clrscr; 
initialize; 
gotoxy(28,l); 
gotoxy(25,2); 
gotoxy(24,3); 
gotoxy(30,4); 
gotoxy(20,7); 
gotoxy(20,8); 
gotoxy(20,9); 
gotoxy(20,10); 
gotoxy(20,11); 
gotoxy(20,12); 
gotoxy(20,13); 
gotoxy(20,14); 
writelnCWELCOME TO TILTH INDEX'); 
writeln('K. K. Singh and T. S. Colvin'); 
writeln('National Soil Tilth Laboratory'); 
writeln('Ames, Iowa 50011'); 
writeln('This program calculates tilth index of a soil,'); 
writelnCranging from 0 for the plant unusable to 1 for '); 
writeln('the nonlimiting soil, and estimates crop yields '); 
writeln('as a percent of potential yield. The value of '); 
writeln('the potential yield which may be expected under '); 
writeln('a high level of management, may be obtained from '); 
writeln('the Soil Survey Reports publish^ by USDA-Soil '); 
writeln('Conservation Service. When the values of some of '); 
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gotoxy(20,15); writeln('the parameters are unknown, the program estimates'); 
gotoxy(20,16); writeln('the values based on the experts' knowledge and '); 
gotoxy(20,17); writeln('experience and in interacting with the user. The'); 
gotoxy(20,18); writeln('program is not intended to be used when estimates '); 
gotoxy(20,19); writelnfof values of all the parameters are needed. '); 
gotoxy(25,22); writeln('Press any key to continue. . .'); 
z:=readkey; 
readBuIkDensity; 
readConelndex; 
readOrganicMatter; 
readUniformityCoefficient; 
readPlasticitylndex; 
endscreensetup; 
displayValues(25); 
for i: = l to n do checkmaxmin(i); 
for i: = 1 to n do calculate(i); 
display Values(46); 
li; = l; 
for i: = l to n do begin 
if cfïi] < 0 then cf[i]: =0; 
if cf[i] > 1 then cf[i] : = 1 ; 
ti:=ti*cf[i]; 
end; 
str(ti: 2: 5,g); 
gotoxy(25,l); writeln('RESULTS'); 
gotoxyO,13); writeln('The TILTH INDEX of your soil would be: ',g); 
trey: =(ti* 100); 
str(trcy: 3: 5,g); 
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writeln('The ESTIMATED CROP YIELD in this soil would be: ',g, 
writeln; 
if ti> =0.9 then writeln('Your soil has EXCELLENT tilth'); 
if (ti> =0.8) and (ti< =0.9) then writeln('Your soil has VERY GOOD tilth'); 
if (ti> =0.6) and (ti< =0.8) then writeIn('Your soil has GOOD tilth but needs 
improvement'); 
if (ti> =0.4) and (ti< =0.6) then writeln('Your soil has POOR tilth and needs 
improvement'); 
if ti<0.4 then writeln('Your soil has VERY POOR tilth and needs improvement'); 
writeln; 
writeln('Press any key for suggestions for tilth improvement... '); 
z:=readkey; 
begin 
clrscr; 
if (ti< =0.8) and ((cf[l]< =0.8) or (cf[2]< =0.8)) then 
begin 
gotoxy(25,1); writeln('SUGGESTIONS'); 
gotoxy(5,4); 
writelnC * Manage your soil to reduce compaction.'); 
writeln; 
writelnC * Avoid unnecessary traffic over the soil.'); 
writeln; 
writelnC * Use equipment exerting least pressure.'); 
end 
else gotoxy(5,10); 
if (ti< =0.8) and (cf[3] < =0.95) then 
begin 
gotoxy(5,10); 
writelnC • Keep soil covered with residue.'); 
writeln; 
writelnC * Use green manure crops.'); 
writeln; 
writelnC * Add organic matter.'); 
end 
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else gotoxy(5,16); 
if (ti< =0.8) and ((cf[4] < =0.98) or (cf[5] < =0.85)) then 
begin 
gotoxy(5,16); 
writelnC work soil at proper moisture.'); 
writeln; 
writeln(' * Manage soil to fit texture.'); 
end 
else 
end; 
end. {of program Tilth lndex} 
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SECTION III. OVEN VERSUS AIR DRYING METHODS OF 
AGGREGATE SIZE DETERMINATION 
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ABSTRACT 
Experiments were conducted in July 1990 to determine the effects of two drying 
methods (oven and air) on aggregate size distribution (mean weight diameter and 
uniformity coefficient) of the soil. The soils were Webster silty clay loam and Clarion 
loam. The fields had been managed with the same five tillage and two rotation 
treatments for the previous eleven years. The method of drying did not significantly 
influence the mean weight diameter. The effect of the method of drying on the 
uniformity coefficient was significant in continuous com, but nonsignificant in the com-
soybean rotation. 
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INTRODUCTION 
The importance of soil aggregation in crop productivity need hardly be emphasised 
(Gidnavar et al., 1970). Soil aggregation is a dynamic property of the soil and is altered 
by various factors. Soils react differently to various tillage practices, particularly in 
relation to the extent of aggregation (Krishnamurthy, 1966; Singh and Pollard, 1956; 
Nijhawan and Dhingara, 1947; Olmstead, 1946). Various agronomic practices 
(Krishnamurthy, 1966; Gidnavar et al., 1968) and the types of crops (Olmstead, 1946; 
Page and Willard, 1946) influence and bring out the differences in the aggregation. 
These factors also determine not only the extent of aggregation but also the production of 
different sized aggregates. The arrangement of these aggregates influences the degree of 
pore space. Emphasis has been laid on proper pore space in plant root and soil 
relationships (Gidnavar et al., 1970). Proper aeration would increase the crop yield due 
to better root development and consequential feeding power of the roots (Paterson, 1950). 
The uniformity coefficient is a significant soil property used for calculating the 
tilth index. In the latest edition of "Methods of soil analysis" (Gee and Bauder, 1986), 
the drying method suggested for aggregate size determination is air drying. Revut and 
Rode (1981) also suggested air drying. The problem with air drying is the time required. 
It can take as much as a month to dry the samples depending on environmental 
conditions. Lambe (1951) recommended an oven drying method. The obvious advantage 
is the greater number of samples that may be processed in a given time. The oven 
drying method used here requires 24 hours for drying. This study was undertaken to 
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determine if the oven drying method would give a different result than the air drying 
method in determining the aggregate size distribution (mean weight diameter and 
uniformity coefficient) of the soil. 
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MATERIALS AND METHODS 
This study was conducted in July 1990 at the Agronomy-Agricultural Engineering 
Research Center, near Ames, Iowa. The soils were in the Clarion-Nicollet-Webster Soil 
Association. Specific soils in the field were Webster silty clay loam (fine-loamy, mixed, 
mesic Typic Haplaquolls) and Clarion loam (fine-loamy, mixed, mesic Typic Hapludolls) 
on a slope of 0 to 3 percent with continuous com and corn-soybean rotations. The fields 
had been managed with the same tillage and rotation treatment for the previous eleven 
years. 
Soil samples for aggregate analysis were taken with a flat spade (Keen, 1931; 
Armbrust et al., 1982) to the depth of 100 mm. Two samples (approximately half spade) 
were taken from each plot, placed in a container, and transported to the laboratory for 
drying. Wheel tracks were avoided because the strength and the aggregate diameter of 
wheel tracked clods were greater than that of non-wheel tracked clods (Voorhees et al., 
1978). One sample was oven dried and the other was air dried. In oven drying, the 
samples were put inside the oven at 105° C for a period of 24 hours. In air drying, the 
samples were put in a chamber at the room temperature and allowed to dry until the 
moisture content reached to 5 percent or less. The moisture content was monitored by 
taking small subsamples from the sample that was being dried and putting them in the 
oven to measure the moisture content. 
A rotary sieve was used to separate the aggregate sizes for the calculation of the 
mean weight diameter. This device is similar to ones used by Chepil and Bisal (1943), 
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Swamy et al. (1960), Gill and McGreery (1960), and Chepil (1962). The sieve screens 
were attached to the concentric cylinders such that the smallest screen was on the largest 
cylinder and the largest screen on the smallest cylinder. The sieve axis of rotation was 
tilted downward at 4 degrees for efficient sieving. An electric gear motor was used to 
drive the rotary sieve at 33 revolutions per minute. The total weight of a soil sample was 
determined prior to sieving. Only clods smaller than 75 mm in diameter could pass 
through the rotary sieve openings; hence clods larger than 75 mm were removed from the 
sample by hand and placed into a tray for weighing. Residue found in the sample was 
removed and weighed and subtracted from the initial total soil weight. After the sample 
was sieved, each size range was weighed and the weight recorded. The mean weight 
diameter was computed for each sample and used as an index to express the distribution 
of aggregate size (Van Bavel, 1949; Youker and McGuinness, 1956). The mean weight 
diameter was based on weighing the mass of aggregates of the various size classes to 
their respective size. It was determined from the following equation. 
MWD = E Xi Wi ...(1) 
where MWD was the mean weight diameter, Xj was the mean diameter of any particular 
size range of aggregates separated by sieving, and Wj was the weight of the aggregates in 
that size range as a fraction of the total dry weight of the sample analyzed. 
The smallest size fraction (less than 3.2 mm diameter) obtained from the rotary 
sieve was used to calculate the uniformity coefficient of the soil. It was sieved through a 
sieve shaker (Lambe, 1951; Hillel, 1982; Wray, 1986) containing nested sieves. Wray 
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(1986) reported that the sieve numbers 4, 10, 40, and 200 are typically used in grain 
(aggregate) size analysis of the soil. To obtain a good spacing of soil diameters on the 
grain size distribution curve, the nest of sieves (numbers 10, 20, 40, 60, 120, 200) used 
was such that each sieve had an opening approximately one-half that of the coarser sieve 
above it in the nest. After the sample was sieved, each size range was weighed and its 
weight was recorded. The uniformity coefficient was computed for each sample and used 
as an index to express the uniformity of the soil (Lambe, 1951; Hillel, 1982; Wray, 
1986). It was determined from the following equation. 
UC = Dgo / D|o . . .(2) 
where UC was the uniformity coefficient, D^o was the diameter at which 60% of the soil 
mass is finer, and D,o was the corresponding diameter at which 10% is finer. 
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RESULTS AND DISCUSSION 
The effect of drying method on the mean weight diameter and uniformity 
coefficient of the soil; and ANOVA F-statistic for different tillage treatments for corn-
soybean and continuous com rotations, are presented in Tables 1 and 2, respectively. 
The method of drying did not significantly influence the mean weight diameter at 
the 0.10 probability level in either rotation. The mean values of the mean weight 
diameter obtained by air drying were slightly higher than those obtained by oven drying 
but the differences were statistically nonsignificant. The order of the mean values of the 
mean weight diameter was not affected by the method of drying. Therefore, it is likely 
that the same conclusion would be drawn based on either method. In other words, the till 
plant system always had the highest and the moldboard plow system always had the 
lowest mean weight diameter. 
The effect of the method of drying on the uniformity coefficient was significant in 
continuous com, but nonsignificant in the corn-soybean rotation at the 0.10 probability 
level. Generally, the mean values of the uniformity coefficient obtained by air drying 
method were higher than those obtained with the oven drying method. Generally, using 
the air drying method, both the D^o and D,o obtained were lower than those obtained by 
the oven drying method, but the reduction in D,o was more compared to D^o , which 
resulted in higher values of uniformity coefficient. Hillel (1982) reported that well 
structured soils break into numerous small aggregates (crumbs) as they dry. In air 
drying, because of slow drying, more smaller aggregates might be produced. The order 
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of the mean values of the uniformity coefficient was not consistent across drying 
methods. Therefore, the information obtained on the uniformity coefficient may have 
some dependence on the method of drying being used. 
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Table 1. Effect of drying method on the mean weight diameter and uniformity 
coefficient of the soil; and ANOVA F-statistic for different tillage 
treatments for a corn-soybean rotation 
Treatment Mean weight diamater (mm) Uniformity coefficient 
1 Air dried Oven dried Air dried Oven dried 
TP 27.2 27.1 4.44 4.43 
SPR 26.3 26.2 4.67 4.56 
SD 25.8 25.6 4.49 4.17 
CP 25.2 24.9 4.50 4.59 
MBP 24.7 24.5 4.54 4.27 
Mean^ 25.4' 25.3' 4.53'" 4.40"' 
Parameter Source of variation F value PR > F 
Mean weight diameter Tillage 3.79 0.0323 
Method 2.83 0.1134 
Tillage*Method 0.16 0.9563 
Uniformity coefficient Tillage 0.41 0.8012 
Method 2.77 0.1165 
Tillage*Method 1.13 0.3810 
' TP, SPR, SD, CP, and MBP, are till plant, slot plant ridge, spring disk, chisel 
plow, and moldboard plow, respectively. 
^ Means with the same letter are not significantly different at the 0,05 probability 
level (comparison made in the row). 
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Table 2. Effect of drying method on the mean weight diameter and uniformity 
coefficient of the soil; and ANOVA F-statistic for different tillage 
treatments for continuous com rotation 
Treatment Mean weight diamater (mm) Uniformity coefficient 
1 Air dried Oven dried Air dried Oven dried 
TP 25.8 25.7 4.96 4.50 
SPR 24.7 24.1 4.86 4.82 
SD 24.1 24.0 4.60 4.50 
CP 23.0 22.9 4.84 4.50 
MBP 22.4 22.7 4.90 4.68 
Mean^ 23.6' 23.5' 4.83'" 4.60"' 
Parameter Source of variation F value PR > F 
Mean weight diameter Tillage 1.85 0.1850 
Method 0.10 0.7524 
Tillage^Method 0.15 0.9592 
Uniformity coefficient Tillage 0.29 0.8791 
Method 12.59 0.0029 
Tillage*Method 1.43 0.2717 
' TP, SPR, SD, CP, and MBP, are till plant, slot plant ridge, spring disk, chisel 
plow, and moldboard plow, respectively. 
^ Means with the same letter are not significantly different at the 0.05 probability 
level (comparison made in the row). 
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SUMMARY 
This study determined the effects of two drying methods (oven and air) on the 
aggregate size distribution (mean weight diameter and uniformity coefficient) of the soil 
under different tillage and rotation treatments. The method of drying did not significantly 
influence the mean weight diameter under either crop rotation. There was no evidence 
from this data set that the method of drying influenced the result. 
The effect of method of drying on the uniformity coefficient was significant in 
continuous com, but nonsignificant in the corn-soybean rotation. Based on this limited 
data set, it does not appear reasonable to conclude that the drying method does not affect 
the uniformity coefficient. Consequently, a larger research effort would be required 
before enough information could be obtained to confidently recommend the oven drying 
method. 
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APPENDIX C 
Table C-1. Analysis of variance of mean weight diameters and uniformity coefficients 
determined by oven and air drying methods for different tillage 
treatments for a corn-soybean rotation 
Mean weight diameter 
Source of variation d.f. SS F value PR > F 
Model 24 58.50 20.13 0.0001 
Tillage 4 31.40 3.79 0.0323 
Replication 3 1.85 
Tillage*Replication 12 24.83 
Method 1 0.34 2.83 0.1134 
Tillage*Method 4 0.08 0.16 0.9563 
Error 15 1.82 
Corrected total 39 60.32 
Uniformity coefficient 
Source of variation d.f. SS F value PR > F 
Model 24 5.4295 4.18 0.0030 
Tillage 4 0.4187 0.41 0.8012 
Replication 3 1.5195 
Tillage*Replication 12 3.0974 
Method 1 0.1501 2.77 0.1165 
Tillage*Method 4 0.2437 1.13 0.3810 
Error 15 0.8113 
Corrected total 39 6.2407 
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Table C-2. Effect of drying method on the mean weight diameter and uniformity 
coefficient of the soil for different tillage treatments for a 
corn-soybean rotation 
Treatment Mean weight diamater (mm) Uniformity coefficient 
' Air dried Oven dried Air dried Oven dried 
SD - 1 26.1 26.0 4.95 4.48 
CP - 1 23.8 23.3 4.26 4.48 
TP - 1 27.7 28.4 4.95 4.48 
MBP - 1 25.0 24.3 4.71 4.48 
SPR - 1 26.1 26.3 4.71 4.26 
SPR - 2 26.3 26.0 4.48 4.26 
SD - 2 25.7 26.0 4.48 4.06 
MBP - 2 25.5 25.2 4.48 4.26 
TP - 2 27.3 27.0 4.06 4.71 
C P  - 2  24.9 25.4 4.26 4.06 
TP - 3 26.6 26.3 4.48 4.06 
CP - 3 27.3 27.0 4.26 4.06 
SPR - 3 27.3 27.7 4.26 4.26 
MBP - 3 23.9 24.0 4.48 4.26 
SD - 3 25.2 24.2 4.26 4.06 
SPR - 4 25.6 24.8 5.21 5.47 
CP - 4 24.8 24.0 5.21 5.75 
TP - 4 27.0 26.8 4.26 4.48 
SD - 4 26.1 26.1 4.26 4.06 
M B P - 4  24.6 24.4 4.48 4.06 
Mean^ 25.8' 25.T 4.53'' 4.40* 
' TP, SPR, SD, CP, and MBP, are till plant, slot plant ridge, spring disk, chisel 
plow, and moldboard plow, respectively; and 1,2,3, and 4, are first, second, third, and 
fourth replication, respectively. 
^ Means with the same letter are not significantly different at the 0.05 probability 
level (comparison made in the row). 
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Table C-3. Analysis of variance of mean weight diameters and uniformity coefficients 
determined by oven and air drying methods for different tillage 
treatments for continuous com rotation 
Mean weight diameter 
Source of variation d.f. SS F value PR > F 
Model 24 172.50 6.73 0.0002 
Tillage 4 48.30 1.85 0.1850 
Replication 3 44.93 
Tillage*Replication 12 78.52 
Method 1 0.11 0.10 0.7524 
Tillage*Method 4 0.64 0.15 0.9592 
Error 15 16.02 
Corrected total 39 188.52 
Uniformity coefficient 
Source of variation d.f. SS F value PR > F 
Model 24 
Tillage 4 
Replication 3 
Tillage*Replication 12 
Method 1 
Tillage*Method 4 
Error 15 
Corrected total 39 
7.7857 7.66 0.0001 
0.3955 0.29 0.8791 
2.5166 
4.0973 
0.5336 12.59 0.0029 
0.2427 1.43 0.2717 
0.6355 
8.4212 
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Table C-4. Effect of drying method on the mean weight diameter and uniformity 
coefficient of the soil for different tillage treatments for continuous 
com rotation 
Treatment Mean weight diamater (mm) Uniformity coefficient 
' Air dried Oven dried Air dried Oven dried 
SD - 1 24.6 24.0 4.26 4.06 
MBP - 1 23.7 24.1 4.71 4.06 
SPR - 1 30.0 28.8 4.26 4.06 
TP - 1 26.2 25.6 4.48 4.26 
CP - 1 23.5 23.2 4.71 4.06 
S D - 2  25.1 23.8 4.48 4.48 
MBP - 2 20.7 21.5 4.71 4.95 
TP - 2 25.9 25.0 5.47 5.21 
CP - 2 25.2 22.8 4.71 4.26 
SPR - 2 23.7 20.5 5.47 5.75 
MBP - 3 23.9 25.2 4.71 4.48 
C P - 3  21.6 22.2 4.71 4.48 
SD - 3 23.9 24.2 4.95 5.21 
SPR - 3 24.9 26.7 5.21 5.21 
TP - 3 26.1 26.4 4.95 4.26 
SPR - 4 20.1 20.4 4.48 4.26 
MBP - 4 21.5 20.1 5.47 5.21 
CP - 4 21.8 23.7 5.21 5.21 
TP - 4 24.9 25.9 4.95 4.26 
SD - 4 22.8 23.9 4.71 4.26 
Mean^ 24.0* 23.9' 4.83"' 4.60"' 
' TP, SPR, SD, CP, and MBP, are till plant, slot plant ridge, spring disk, chisel 
plow, and moldboard plow, respectively; and 1,2,3, and 4, are first, second, third, and 
fourth replication, respectively. 
^ Means with the same letter are not significantly different at the 0.05 probability 
level (comparison made in the row). 
145 
GENERAL SUMMARY 
Tilth is a qualitative term describing the physical state of soil. There was no 
available method to quantify and measure it. A quantitative understanding of soil tilth 
would help scientists, engineers, and farmers. A tilth index was developed to quantify 
soil tilth. This index ranges from 0 for the plant unusable soil to 1 for the nonlimiting 
soil. Tilth coefficients for five soil properties (bulk density, cone index, organic matter 
content, uniformity coefficient, and plasticity index) were calculated and used in the tilth 
index determination. This index can help farmers provide a measure of their field 
conditions in clear, numerical terms. For example, a tilth index of 0.9 would indicate 
near-perfect conditions for a particular soil, while an index of 0.2 would indicate very 
poor tilth. 
Tilth index gives an indication of relative crop yield (estimated yield as a percent 
of potential yield). Potential yield is the yield which can be expected under a high level 
of management. The value of the potential yield may be obtained from the Soil Survey 
Reports published by USDA-Soil Conservation Service. 
Five tillage systems (slot plant ridge, spring disk, till plant, moldboard plow, and 
chisel plow) were compared on two soils (Webster silty clay loam and Clarion loam) 
which had been in a corn-soybean and continuous com rotation for the previous ten years 
near Ames, Iowa. For each treatment a tilth index was calculated and the crop yield 
measured. In 1989, the tilth indices were comparable between the two rotation systems 
and ranged from 0.66 to 0.92, Crop yields were the highest in the corn-soybean rotation 
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for all tillage treatments. Positive correlations (i^ = 0.78 and 0.86, respectively) were 
obtained between tilth index and actual crop yield in continuous com and corn-soybean 
rotation. Better correlations might be obtained by measuring tilth index at other times in 
the crop growing season. 
In 1990, the effects of tillage system and sampling time on soil tilth index were 
highly significant. The effect of tillage system on crop yield was also highly significant. 
The tilth index was increased by tillage and planting operations and then decreased with 
time until harvest. Best correlations (r^ = 0.78 and 0.76, respectively) were obtained 
between crop yield and tilth index measured, after disking in corn-soybean rotation and 
after planting in continuous com. 
In a similar study in 1989, near Waseca, Minnesota, a chisel plow system 
provided highest tilth index and crop yield in both com and soybean fields. Next in 
decreasing order of tilth index and crop yield were moldboard plow and no-tillage 
systems. Mean values of chisel plow system were significantly different from no-tillage. 
In general, a corn-soybean rotation provided higher tilth index and crop yield as 
compared to continuous com/soybeans. These differences were statistically significant 
except for tilth index in com. The values of r^ between tilth index and com yield were 
0.74 and 0.75, respectively, for continuous com and com-soybean rotation. The values 
of r^ between tilth index and soybean yield were 0.64 and 0.80, respectively, for 
continuous soybeans and soybean-com rotation. 
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The tilth index was more responsive to tillage and provided better correlations 
with crop yield as compared to the modified productivity index developed by Pierce et al. 
(1983). 
Knowledge system techniques can be combined with conventional problem solving 
techniques to provide the farmer with a usable tool that provides useful information 
allowing the farmer to make more informed decisions when faced with difficult problems. 
A soil tilth assessment tool to easily provide the expertise to farmer's, while requiring a 
limited amount of data was needed. A decision support system for soil tilth assessment 
was designed and developed. The program can be used to calculate the tilth index of a 
soil and estimate crop yields as a percent of potential yield. The program uses the values 
of five soil parameters (bulk density, cone index, organic matter, uniformity coefficient, 
and plasticity index) to calculate the tilth index. When the values of some of the 
parameters are unknown, the program estimates the values based on the experts' 
knowledge and experience and in interacting with the user. The program is not intended 
to be used when estimates of values of all the parameters are needed. 
Once the soil tilth condition is known, specific measures may be undertaken to 
improve or maintain the tilth. Tilth index would be useful in making decisions about 
tillage and soil management. This was the first attempt to quantify soil tilth. The set of 
parameters for tilth index may not be correct. The feasibility of these and other 
parameters should be further investigated. The relations were tested on a limited amount 
of data from two locations and should be used as initial guideline. Attempts should be 
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made to generalize the relations by extensive data collection over a wide range of soil and 
climatic conditions; and management practices. Reliable predictions of the effects of 
tillage system, crop rotations, and seasonal variation; on soil tilth, and ultimately crop 
yield, would greatly benefit farmers in making better soil management decisions for 
sustainable crop production. 
During the course of this study, the question arose as to which of the two drying 
methods (oven and air) should be used for determining the aggregate size distribution of 
the soil. A separate study was conducted to determine the effect of these methods on the 
aggregate size distribution (mean weight diameter and uniformity coefficient) of the soil 
under different tillage and rotation treatments. The method of drying did not significantly 
influence mean weight diameter under either crop rotation. The effect of method of 
drying on uniformity coefficient was significant in continuous com but nonsignificant in 
the corn-soybean rotation. 
Economic and social demands require that we maintain and/or increase crop 
production using the least costly inputs while minimizing environmental degradation. By 
determining which soil tilth conditions are optimal for various crops and by understanding 
how tillage systems modify soil tilth, better crop management decisions regarding tillage, 
crop rotation, and yield goals can be made. This knowledge will enable society to assess 
the long term effects of current and future farming practices on soil resources and thus to 
determine optimal management policies that promote the continuous use and protection of 
our soil and water resources. 
149 
REFERENCES 
Bauder, J. W., G. W. Randall, and J. B. Swan. 1981. Effect of four continuous 
tillage systems on mechanical impedance of a clay loam soil. Soil Sci. Soc. 
Am. J. 45:802-806. 
Bauer, A., and A. L. Black. 1981. Soil carbon, nitrogen, and bulk density 
comparisons in two cropland tillage systems after 25 years and in virgin 
grassland. Soil Sci. Soc. Am. J. 45:1166-1170. 
Brady, N. C. 1984. The nature and properties of soils. 9th ed. MacMillan Publishing 
Co., New York. 
Elkins, C. B. 1985. Plant roots as tillage tools. In Proc. Int. Conf. on soil dynamics. 
Auburn Univ., Auburn, AL. 3:519-523. 
Erbach, D. C. 1989. Soil tilth: how to maintain and improve it for soil erosion 
control and productivity. VIII Annual Inland Empire Conserv. Farming Conf., 
Pullman, Washington. 
Hillel, D. 1982. Introduction to soil physics. Academic Press, Inc., Orlando, FL. 
Karlen, D. L., D. C. Erbach, T. C. Kaspar, T. S, Colvin, E. C. Berry, and D. R. 
Timmons. 1990. Soil tilth: a review of past perceptions and future needs. 
Soil Sci. Soc. Am. J. 54:153-161. 
Knuti, L. L., D. L. Williams, and J. C. Hide. 1979. Profitable soil management. 
Prentice-Hall, Inc., New Jersey. 
Plaster, E. J. 1985. Soil science and management. Delmar Publishers Inc., Albany, 
New York. 
SSSA. 1979. Glossary of soil science terms. Soil Sci. Soc. Am., Madison, WI. 
Voorhees, W. B. 1983. Relative effectiveness of tillage and natural forces in 
alleviating wheel induced soil compaction. Soil Sci. Soc. Am. J. 47:129-133. 
Voorhees, W. B., and M. J. Lindstrom. 1984. Long term effects of tillage method on 
soil tilth independent of wheel traffic compaction. Soil Sci. Soc. Am. J. 
48:152-156. 
150 
ACKNOWLEDGEMENTS 
No scholarly work is the product of a single mind, but is a result of many 
persons' input-thoughts, criticism, support, and encouragement. I am grateful to all the 
persons who have contributed throughout the course of this dissertation. There are many 
persons to whom I am indebted, but I feel it necessary to extend special gratitude and 
appreciation to the following people. 
First and foremost, I express my profound appreciation, whole-hearted sense of 
gratitude, and indebtedness towards my major professor. Dr. T. S. Colvin, for his 
invaluable guidance, keen interest, constructive criticisms, constant encouragement, and 
financial support, during entire course of this investigation. His timely advice and 
encouragement boosted the morale of author while carrying out the study. 
I extend my appreciation, gratitude, and whole-hearted thanks to the following 
members of the ISU faculty who served a function on the advisory committee: Dr. D. C. 
Erbach, for his deep interest, support, continuous counseling, valuable advice, and 
cooperation; Dr. S. J. Marley, for his interest, cooperation, and valuable advice; Dr. R. 
M. Cruse and Dr. R. S. Kanwar, for their interest, and valuable advice; and Dr. D. S. 
Bundy, for serving as chairman of the interdepartmental minor, "Energy Systems 
Engineering". 
I extend my gratitude and whole-hearted thanks to Dr. A. Q. Mughal, and Mr. J. 
D. Cook, for their ever willing help in carrying out field experiments; and Mr. D. 
Dob son, for helping in programming the expert system. 
151 
I express my sincere thanks to my fellow graduate students: Mr. S. 
Thangavadivelu, Mr. S. Panigrahi, Mr. P. K, Kalita, Mr. G. Rajaram, Mr, P. Singh, 
and others, who have contributed directly or indirectly to this dissertation, and made my 
stay at Ames more enjoyable and comfortable. 
I have found many friends through my association with ISU and the Ames 
community, who have touched my life and added my emotional and intellectual 
development. For the friendship, good times, and family feeling, I had with those 
individuals, I am truly grateful. 
I dedicate this piece of work to my beloved parents, whose dedication and 
sacrifices can not be simply written in words. 
